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Abstract
Since the discovery of fullerenes in 1985, their exohedral functionalization has been
necessary to increase their solubility and explore their properties and potential applications in
materials science and medicinal chemistry. This thesis provides a short overview of the importance
of electronic, size and shape complementarity in determining the structures of specific endohedral
fullerene compounds. This is followed by a description of a new method for the separation of
scandium nitride endohedral fullerenes Sc3N@C2n (n = 34, 39 and 40), and their
monofunctionalization.
We also present the regioselective synthesis of easily isolable bis-derivatives of C60, C70,
and M3N@Ih-C80 (M = Sc, Lu) using 1,3-dipolar, addition/elimination (Bingel reaction) and diazo
cycloadditions. The following sections are composed of a brief introduction and a pre-peer
reviewed version of the published article, each section follows its own nomenclature and numerical
order. The experimental section in each section includes methods, synthesis and characterization
of the most relevant compounds.
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Section 1: Overview of Fullerenes and Cluster Endohedral Fullerenes
1.1
DISCOVERY
(EFS)

OF

EMPTY-CAGE FULLERENES (ECFS)

AND

ENDOHEDRAL FULLERENES

The revolution of carbon nanomaterials started when new allotropes of carbon, the
fullerenes, were discovered in 1985 by Kroto, Heath, O’Brien, Curl and Smalley.[1] The soccer
ball shape carbon cage, [60]fullerene, was detected for the first time during mass spectrometric
studies of laser evaporated graphite. The highly symmetric, icosahedral C60 carbon cage is
composed of 12 pentagons and 20 hexagons, and owes its name to the similarity of its molecular
structure to the geodesic domes developed by the architect Richard Buckminster Fuller.[2]
The investigation of the properties, reactivity and applications of [60]fullerene was only
possible after 1990, when Krätschmer and Huffman reported a simple procedure to synthesize
macroscopic quantities of fullerenes by using arc vaporization of graphite rods under a helium
atmosphere.[3] Soon after the discovery of the most abundant fullerene to date, Smalley and
coworkers proposed that C60 was capable of encapsulating metal atoms and small molecules in its
interior, based on the observation of the molecular ion peak of La@C60 and La2@C60 in the mass
spectrum; where the symbol @ indicates that the atoms on the left are trapped inside the fullerene
cage on the right.[4] In 1991, Smalley and coworkers reported the macroscopic synthesis of what
they called “endohedral fullerenes”, using high temperature laser vaporization of La2O3/graphite
rods in a tube furnace under a helium atmosphere.[5] Fullerenes were classified into two big groups:
empty-cage fullerenes (ECFs) and endohedral fullerenes (EFs).[6]
Endohedral fullerenes include compounds that encapsulate small molecules,[7,8] one
metal,[4] two metals and metallic clusters.[9,10] To date, Group 2, 3 and 4 metals have been
successfully encapsulated into fullerene cages, as well as alkali metals and most of the lanthanide
metals to produce mono-, di- or tri-metallofullerenes (Figure 1.1).[11] However, the limited
quantities of isolated materials have restricted the ability to fully investigate their properties.

1

Figure 1.1 Elements that have been encapsulated inside of a carbon cage.
In 1999, Dorn and coworkers serendipitously discovered the most abundant endohedral
fullerene and the third most abundant fullerene (after C60 and C70), namely, Sc3N@Ih-C80.[12] They
inadvertently produced this cluster endohedral fullerene as a result of an air leak in their
Krätschmer-Huffman arc reactor, which introduced N2 to the reactor chamber.[12] With the
isolation of Sc3N@Ih-C80, other members of the family were also isolated, among them Sc3N@D3C68,[13] Sc3N@D3h-C78,[14,15] and a second C80 isomer, Sc3N@D5h-C80.[16] A description of this
cluster endohedral family and a short overview to show that electronic factors, size and shape are
crucial in determining specific structures, is presented in Section 2. (This work was published in
the Journal of Physical Organic Chemistry: Cerón, M. R.; Li, F.-F.; Echegoyen, L. A. J. Phys. Org.
Chem. 2014, 27, 258).
1.2

SYNTHESIS AND PURIFICATION OF ENDOHEDRAL FULLERENES (EFS)
Fullerenes can be synthesized using several methods; the most common being laser

vaporization[5,17] and electric arc using an inert (i.e., He, He/N2 buffer gas)[18,19] or reactive (i.e.,
NH3, CH4, NOx) atmosphere. The idea of replacing an inert atmosphere with a reactive atmosphere
was mainly to synthesize new cluster endohedral fullerenes, but also resulted in a drastically
increased ratio of endohedral/empty fullerenes in the soot extract.[20] To date the most widely used
method is the electric arc process, which has made it possible to synthesize classic endohedral
2

fullerenes as the mono-, di- or tri-metallofullerenes (Mx@C2n, x = 1-3), and cluster endohedral
fullerenes, such as the metal carbides (M2C2@C2n, M3C2@C2n, M4C2@C2n), methano
(M3CH@C2n). cyano (M3CN@C2n), metallic oxides (M2O@C2n, M4O2@C2n, M4O3@C2n),
metallic sulfides (M2S@C2n) and metallic nitrides (M3N@C2n).[21]

Figure 1.2 Stationary phases of the specialized HPLC columns developed for the isolation of
EFs.
With the discovery of new endohedral fullerene families the necessity to develop efficient
and convenient separation techniques has become very important. High performance liquid
chromatography (HPLC) is the most used method, unfortunately this technique is inefficient, time
consuming and requires expensive specialized HPLC columns, equipment and solvents (Figure
1.2).[20] Several non-chromatographic methods have been published to enrich soot extract of
EFs[22-24] and to separate targeted endohedral fullerenes.[20] A short overview of some of the
alternative chemical methods to separate trimetallic nitride endohedral fullerenes (TNT-EMFs),
along with the isolation of the members of the Sc3N@C2n family (n = 34, 39, 40) using a selective
chemical oxidation method and their reactivity difference is presented in Sections 3 and 4. (This
work was published in Chemistry A European Journal and Chemical Communications: a) Cerón,
M. R.; Li, F.-F.; Echegoyen, L. A. Chem. Eur. J. 2013, 19, 7410. b) Cerón, M. R.; Izquierdo, M.;
3

Alegret, N.; Valdez, J. A.; Rodríguez-Fortea, A.; Olmstead, M. M.; Balch, A. L.; Poblet, J. M.;
Echegoyen, L. Chem. Commun. 2015, DOI: 10.1039/C5CC07416A).
1.3

FUNCTIONALIZATION OF FULLERENES
Exohedral functionalization of ECFs or EFs is essential to increase their solubilities and

allow their characterization and to enhance their potential applications in biomedicine (as MRI
contrast agents, in tumor diagnosis and radioimmunotherapy), in materials science and in
photovoltaic solar cells, among others.[25,26] The unique three dimensional geometry of fullerenes
containing highly reactive double bonds allows the study of their reactivities with different
reagents. Since fullerenes became available in macroscopic quantities in 1990,[3] different types of
reactions have been explored including: oxidation reactions, transition metal complexation,
hydrogenations, halogenations, radical additions, cycloadditions (1,3-dipolar, [2+2], [4+2], [3+2],
[2+2+1]), addition of nucleophiles (Bingel additions), silylations and electrosynthesis.[27-29]
ECFs possess two different types of bonds: [6,6]-type B and [5,6]-type D (Figure 1.3).
Exohedral additions usually occur on the double [6,6]-bonds, with some exceptions;[30-32] thus
mono-functionalization of ECFs, particularly Ih-C60 and D5h-C70, leads to a low number of isomers,
one for C60 and four for C70.[33] For EFs the number of different types of bonds depends on their
symmetry. For example, the highly symmetric M3N@Ih-C80 (M = Sc, Lu, Y, Gd) possesses two
different types of bonds; [6,6]-type B and [5,6]-type D (Figure 1.3), while its other isomer,
M3N@D5h-C80, possesses four different types of bonds; [6,6]-type A, B, and C and [5,6]-type D.
In EFs double bonds are delocalized, therefore mono-functionalization of EFs leads to a larger
number of isomers, two for M3N@Ih-C80 and nine for M3N@D5h-C80.
Since the first functionalization of EFs in 1995 by Akasaka,[34] many have explored their
reactivities and other properties.[27,35,36] However, the complete structural, chemical and electronic
properties of EMFs are not totally understood at the present time. Specifically, the factors
controlling the regiochemistry of multiple additions to EFs remain largely unexplored and poorly
understood.
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Figure 1.3 Different types of possible C-C bonds in a fullerene.
Mono-functionalization of the most abundant endohedral fullerene and the discovery of the
first [5,6]-open methanofullerene of Sc3N@Ih-C80 is presented in Section 5. (This work was
published in Angewandte Chemie International Edition: Izquierdo, M.; Cerón, M. R.; Olmstead,
M. M.; Balch, A. L.; Echegoyen, L. Angew. Chem. Int. Ed. 2013, 52, 11826).
Bis-functionalization of ECFs is challenging due to the many isomeric products that can be
obtained and the ineffective HPLC chromatographic separations.[37-40] When two addends are
identical and only [6,6]-additions are allow, eight regioisomeric bis-adducts are possible in the
case of C60 (cis-1, cis-2, cis-3, equatorial, trans-4, trans-3, trans-2 and trans-1) (Figure 1.4), and
38 in the case of C70.[32]
There are very few methods available to regiochemically control bis-additions to
fullerenes. In 1994, Diederich et al. introduced the most widely utilized one,[41,42] the tethercontrolled remote multi-functionalization. This method uses an addend with two or more reactivate
centers connected by a variable length and rigidity tether to direct the location of the multiple
adducts on the fullerene surface. The necessity to synthesize isomerically pure bis-adducts for
potential applications in organic photovoltaic (OPV) solar cells[25,43] has led to a renaissance of the
tether-directed multi-functionalization method.
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Figure 1.4 Eight regioisomers bis-adducts of C60 when the two addends are identical.
Here we have focused on the development of new highly sterically congested bis-adducts
of C60 and C70 using bis-1,3-dipolar cycloadditions, bis-Bingel-Hirsch and bis-diazo additions
presented in Sections 6, 7, 8 and 9. (This work was published in Angewandte Chemie International
Edition, Chemistry A European Journal and the Journal of American Chemical Society
respectively: a) Izquierdo, M.; Cerón, M. R.; Alegret, N.; Metta-Magana, A. J.; Rodriguez-Fortea,
A.; Poblet, J. M.; Echegoyen, L. Angew. Chem. Int. Ed. 2013, 52, 12928. b) Cerón, M. R.;
Izquierdo, M.; Pi, Y.; Atehortúa, S. L.; Echegoyen, L. Chem. Eur. J. 2015, 21, 7881. c) Cerón, M.
R.; Izquierdo, M.; Aghabali, A.; Valdez, J. A.; Ghiassi, K. B.; Olmstead, M. M.; Balch, A. L.;
Wudl, F.; Echegoyen, L. J. Am. Chem. Soc. 2015, 137, 7502).
A brief report with some attempts to control regioisomeric bis-additions on Sc3N@Ih-C80
and Lu3N@Ih-C80 using the tether-controlled multi-functionalization method, and via the use of
independent (non-tethered) bis-1,3-dipolar cycloadditions is presented in Section 10. (This work
was published to Journal of American Chemical Society: Cerón, M. R.; Izquierdo, M.; GarciaBorràs, M.; Lee, S. S.; Osuna, S.; Echegoyen, L. J. Am. Chem. Soc. 2015, 137, 11775).
1.4

GENERAL PROCEDURES
All chemicals were reagent grade, purchased from Sigma Aldrich. HPLC experiments were

performed on an LC-9130NEXT apparatus (Japan Analytical Industry Co. Ltd.) monitored using
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a UV detector at 320 nm, and toluene as eluent. Three different HPLC columns were used for
preparative separation or to analyze the purity of the samples; a Buckyclutcher column (ϕ = 10 ID
x 250 mm), a Buckyprep column (ϕ = 250 mm x 10 mm), or a 5PBB (ϕ = 10 ID x 250 mm) and
(ϕ = 4.6 ID x 250 mm). Silica gel (Redisep silica, 40-60 µ, 60 Å) was used to separate the products
from the pristine fullerene. MALDI-TOF mass spectrometric measurements were conducted on a
Bruker Microflex LRF mass spectrometer on reflector positive mode. The NMR spectra were
recorded using a JEOL 600 MHz spectrometer. The UV/Vis-NIR spectra were obtained using a
Cary 5000 UV/Vis-NIR spectrophotometer using toluene or carbon disulfide solutions.
Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were
conducted under an Argon atmosphere at room temperature using a CH Instrument Potentiostat.
The scan rate for CV experiments was 100 mV/s. For the SWV experiments, the scan rate was 100
mV/s with increments of 4 mV, and the amplitude was 25 mV and the frequency was 15 Hz. A
one compartment cell with a standard three-electrode set up was used, consisting of a 1 mm
diameter glassy carbon disk as the working electrode, a platinum wire as the counter electrode and
a silver wire as the pseudo-reference electrode, in a solution of anhydrous o-DCB containing 0.05
M n-Bu4NPF6. Ferrocene was added to the solution at the end of each experiment as an internal
standard.
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Section 2: Endohedral fullerenes: the importance of electronic, size and shape
complementarity between the carbon cages and the corresponding
encapsulated clusters
Abstract: Cage-cluster complementarity is of crucial importance in determining the sizes
and structures, as well as the properties, of endohedral fullerenes. The encapsulated atoms or
clusters, which are typically in a positively–charged state, are irreversibly, mechanically and
electrostatically trapped inside the typically negatively-charged cages. These rather exotic
compounds exhibit exquisitely complementary properties between their components. Here we
present a short overview to show that size and shape are crucial in determining the specific
structures that are formed and the presence of electrostatic interactions result in structural motifs
that are never observed for pristine fullerene cages. Experimental procedures and figures presented
here are a pre-peer reviewed version of the following article (See Appendix A for the copyright
letter): Cerón, M. R.; Li, F.-F.; Echegoyen, L. A. J. Phys. Org. Chem. 2014, 27, 258.
2.1

INTRODUCTION
The discovery and increased interest and to some degree, fascination, of trapping and

studying atoms and clusters inside carbon cages began almost immediately after the initial
discovery of the fullerenes in 1985,[1] with the detection of La@C60 by Smalley et al.,[4] the first
reported endohedral fullerene. Since then a wide variety of endohedral systems have been
prepared and characterized, from compounds encapsulating neutral atom species such as noble
gases[44] and diatomic and triatomic molecules (like H2 and H2O)[7,45-48] to those with trapped
metals and multiatomic clusters inside.[3,8,9,49,50] In this article, particular attention is devoted to the
metallic nitride and the metallic sulfide families, carefully selecting specific examples that
illustrate the complementarity factors that are of primary interest, namely, size, shape and
electronic structures. This is not meant to be a comprehensive review of the endohedral fullerene
field, but rather a critical overview of the importance of complementarity between cages and
encapsulated species.
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The trimetallic nitride family (M3N@C2n, n = 34-40) was first reported by Stevenson et al.
in 1999, opening a new and fertile field for future development. They isolated what is today the
third most abundant fullerene that can be prepared in an arc reactor (after C 60 and C70), namely,
Sc3N@C80.[51] They inadvertently produced and isolated this compound as a result of an air leak
in their Krätschmer-Huffman arc generator, which introduced N2 to the reactor chamber. Today,
the controlled addition of nitrogen sources to the reactor during the arcing process results in
reasonably high yields of Sc3N@C80. The scandium nitride endohedral fullerene family includes
two different isomeric C80 cages (with Ih and D5h symmetries), one D3h symmetric C78 cage and
one D3 C68 carbon cage, all encapsulating the Sc3N cluster (Figure 2.1). Considerable experimental
and theoretical efforts have been devoted to explore this endohedral family, to account for their
unusual stabilities and explain their structural and electronic properties.[13,14,52-54] We will address
this family as well as others in this article, in an effort to understand the most important factors
involved in determining the specific structures that are observed and their relative importance.

Figure 2.1 Scandium nitride endohedral fullerene family (M3N@C2n, n = 34–40).
2.2

ELECTRONIC EFFECTS
A focal point of interest in this article are fullerene cages that violate the so-called Isolated

Pentagon Rule (IPR), which states that five-membered rings are always adjacent to six-membered
rings, avoiding fused five-membered rings, or pentalene units.[55] To our knowledge, there are no
known exceptions of the IPR rule for neutral pristine fullerenes, but several exceptions have been
reported for exohedrally functionalized cages, especially with halogen atoms.[56] If an IPR
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violation occurs as a consequence of the fusion of two five-membered rings, the resulting structure,
a pentalene unit, destabilizes the corresponding cage by 17-22 kcal mol-1[57] and thus the reason
why they have never been observed on pristine carbon cages. However, pentalenes are reasonably
common on the cages of many endohedral fullerenes (Table 2.1).[56, 10,21]
Table 2.1
Endohedral Fullerene

Reported non-isolated endohedral fullerenes
Symmetry

# Pentalenes

e- transfer from

Cage #

metal to cage
Sc2@C66 [58]

C2v

2

2

4348

Sc3N@C68

D3

3

6

6140

Sc2C2@C68

C2v

2

4

6073

Sc3N@C70

C2v

3

6

7854

Sc2S@C70 [59,60]

C2

2

4

7892

La@C72 [61]

C2

1

3

10612

La2@C72

D2

2

6

10611

DySc2N@C76 [62]

Cs

2

6

17490

C2v / C1

1

2

19138/17459

M3N@C78 (M = Tm, Dy, Gd)

C2

2

6

22010

Gd3N@C82

Cs

1

6

39663

M3N@C84 (M = Gd, Tb, Tm)

Cs

1

6

51365

Yb@C76 [63]

The commonly accepted explanation for the existence of fused five-membered rings in
endofullerenes involves the combination of: (i) extensive negative charge transfer from the
encapsulated entity to the carbon cage; (ii) substantial negative charge localization predominantly
on the pentalene units;[52,54,64-66] (iii) electrostatic stabilization of the negative charge on the
pentalenes by the cationic metals or clusters inside; and (iv) aromatization of the pentalene units
when gaining electrons.[13,14,52-54, 67-69] Whether pentalene units exist or not on the endohedral
fullerene cages, extensive negative charge is always transferred from the cluster to the cage,
leading to what is referred to as the ionic model, which for Sc3N@C80 is best represented as a six
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electron transfer that formally leads to [Sc3N]6+[C80]6-.[10,21,58-60] This model is widely accepted and
has been verified and tested both experimentally as well as theoretically.[10]
For those endohedral fullerene compounds where pentalene units are present on the cages,
it has been found that most of the negative charge on the cage is localized on them, for example,
about 76% of the total cage charge is estimated to reside on the three pentalene units present on
Sc3N@C68 (6140), which possesses a D3 symmetric cage.[13,14,52-54] Thus [Sc3N]6+[C68]6- has the
majority of the cage charge localized on the three pentalenes and, not coincidentally, the three Sc
ions, each being formally Sc3+ while the N is formally 3-, are all exactly adjacent to these pentalene
surface motifs, providing electrostatic stabilization to the overall structure.[13,14,52-54] The
combination of the intrinsic cage stabilization that results upon transfer of six electrons from the
cluster to the cage, which leads to a closed-shell high HOMO-LUMO gap structure, together with
the intramolecular electrostatic stabilization provided by the three trivalent cations leads to these
stable endohedral compounds. As far as we are aware, all endohedral compounds that possess
pentalene units on the surface always have endohedral cationic metal centers that are very proximal
to the pentalenes, and typically very close to the bond where the two five-membered rings are
fused. Only one exception to these observations was recently reported based on a computational
study about Sc2C70, which is proposed to exist as Sc2@C70, not Sc2C2@C68, as previously reported.
More details about this unique exception are presented below in the “shape” section.[59,60]
In addition to the intrinsic stabilization of the cage that results upon addition of the extra
electrons from the cluster that fill the degenerate HOMO orbitals and the intramolecular
electrostatic interactions, aromaticity has also been proposed as an additional factor in the overall
stabilization.[13,14,52-54,59,60] Sola et al. have recently proposed aromaticity as the single most
important parameter to predict the stabilities of endohedral fullerene derivatives,[59,60,70] then the
combination of all of these factors plays a crucial role in determining the overall stabilities of
endohedral fullerenes.
One important consideration is the relative contribution of these factors; what is the balance
between the instability resulting from introducing a pentalene unit on a fullerene cage (~20 kcal
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mol-1) vs the stabilization that results from the electrostatic interactions that occur with the
encapsulated cations and the gain in aromaticity? If the latter interactions were dominant then one
would expect all endohedral metallofullerenes to possess pentalene structures as a means of added
stabilization, but this is not the experimentally observed case since non-IPR compounds, while
reasonably common in the endohedral fullerene world, are not totally ubiquitous. This observation
leads one to believe that pentalenes occur at a net energy cost to the compound and is thus not a
general feature of endohedral metallofullerenes.
A recent theoretical report by Zhao et al. proposed that Gd2@C98 should preferentially exist
as a non-IPR C1(168785) cage with one pentalene unit, and the authors state that the reason is
partially due to the interaction between the encapsulated metals and the fused pentagons, as
described above.[71] This result is rather interesting and somewhat counterintuitive since only one
pentalene is present on cage 168785, therefore if the electrostatic stabilization is the reason for
observing the pentalene in the first place, two pentalenes should have been preferred, which is not
the theoretically predicted structure. This is particularly true in this case since the two gadolinium
ions are not bonded and have no fixed shape.[58] It is also interesting to note that before this report
appeared in 2012, the largest experimentally determined cage exhibiting a non-IPR structure
corresponded to C84. All other known non-IPR cages have 84 or fewer carbon structures.[72-75]
The Gd3N@C2n family provides a self-consistent set to probe the existence of IPR
exceptions. In this family, the observed C78 compound exhibits two pentalenes (cage 22010),[76]
while the corresponding C82 and C84 compounds exhibit only one (cages 39663 and 51365,
respectively), in agreement with computational studies that have shown that the number of
pentalene units decreases for the larger carbon cages.[58, 72-75, 77] In all three non-IPR cases, the Gd3+
ions are directly adjacent to the center bond of the pentalene units, again suggesting that the
stabilization results from pentalene-cluster ion interactions (Figure 2.2). These interactions provide
some stabilization when the cages are sufficiently small to accommodate the planar clusters.
Consistent with this interpretation, Gd3N@C86, which has a larger cage, is observed to possess a
D3-symmetric IPR cage where the cluster fits in planar form.[78] The generalization abstracted from
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these observations is that for large enough cages (>C84) there is likely to be an IPR cage available
where the cluster can exist in its most stable, planar geometry and thus no pentalenes occur.

Figure 2.2 Gadolinium nitride endohedral fullerene non-isolated pentagon rule family
(M3N@C2n, n = 39–42).
In perfect agreement with these generalizations is the structure of Sc3N@C68, which
exhibits not two but three pentalenes in a D3 symmetric cage (cage 6140) and each Sc ion in the
cluster sits close to each fused pentagon bond in the pentalenes, while the cluster is planar, (Figure
2.3). While introducing the three pentalenes costs about 60 kcal mol-1, this is partially offset by
the electrostatic stabilization and increase of aromaticity.
There are many other endohedral fullerene examples that corroborate these conclusions,
consequently, Zhao et al. prediction of a non-IPR C98 cage is very surprising, based on all available
experimental evidence thus far. The largest endohedral compound characterized experimentally
thus far, Sm2@D3d(822)-C104,[79] as well as other large-cage endohedral compounds (C86-C100
cages) all exhibit IPR cages,[80-84] in agreement with the concept that the stabilization resulting
from pentalene-cation interactions only partially offsets the energy cost of introducing the
pentalenes in the first place. Thus pentalenes should occur only on small cages where there are no
IPR isomers available to allow for a perfect fit of the planar cluster. The case of C 70-based
endohedrals is discussed below; within the context of cluster shape and cage geometries, although
they obviously also involve considerable electronic interactions. It will be very important to obtain
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experimental evidence to substantiate the non-IPR claim for Gd2@C98, which in our opinion is
unexpected and somewhat controversial.

Figure 2.3 Sc3N@D3-C68 exhibits three pentalenes in a symmetric cage (cage 6140) and each Sc
ion sits close to each fused pentagon bond in the pentalenes, while the cluster is
planar.
2.3

SIZE EFFECTS
Separating electronic from size and shape effects is simply a convenient way to introduce

the concepts, since these factors are closely correlated and contribute simultaneously to determine
the observed structures. A lot has been said about cluster size effects in determining the size of the
corresponding cages,[85-87] as well as their specific geometries,[88,89] to illustrate the effects mainly
due to size we have selected the sequence of lanthanide-based trimetallic nitrides, going from the
smallest Lu3N to the largest La3N. M3N clusters with M = Sc, Y, or with lanthanide metals between
Gd-Lu select the C80 icosahedral cage preferentially, even though the metal radius increases
monotonically in the lanthanide series from Lu to Gd. While Sc3N fits perfectly and is planar inside
C80 (Ih), Y3N exhibits a slight degree of pyramidalization, at 0.12 Å, measured as the distance
between the plane defined by the three Y nuclei and the center of the N atom. This pyramidalization
results as a consequence of the larger ionic radius of Y relative to that of Sc, hence the cluster folds
like an umbrella in order to fit inside the cage (Figure 2.4). It is interesting to note that the added
strain and electrostatic repulsion between the cationic metal centers upon pyramidalization are
apparently not sufficient to favor the formation of a larger cage where Y3N could be encapsulated
more comfortably and in planar form. This must be a consequence of the tremendous stabilization
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of the C80 (Ih) cage upon the transfer of the six electrons from the cluster to the triply degenerate
HOMO of the cage, which dominates the selection of this cage.

Figure 2.4 Increased pyramidalization of different metal clusters inside of an icosahedral C 80
cage.
In the lanthanide series the observed trend is the same, increasing the size of the metal radio
when going from Lu to Gd results in an increased pyramidalization, which for Gd3N is 0.52 Å, as
previously defined, but the C80 (Ih) continues to be the one preferentially templated (Figure 2.4).[90]
However, when the ionic radius continues to increase beyond Gd, a new cage is preferentially
selected, C88, and this is observed starting with Nd, and also for Pr and Ce.[85-87] The C80 cage is
observed for Nd3N and Pr3N, but not at all for Ce3N, but for all three, the preferred cage is C88. It
is interesting to note that progressively increasing the size of the encapsulated metal in this series
of trimetallic nitride endohedrals results in a discontinuous preferential cage selection, that goes
from a preferred C80 cage to C88. While C82, C84 and C86 cages are also observed, they are obtained
in much lower concentrations. Not surprisingly, when La3N is encapsulated, it preferentially
selects an even larger cage, C96, confirming the importance of cluster-cage size
complementarity.[85-87] While C90, C92, and C94 cages are also observed (especially for Ce3N and
La3N), the progression is again discontinuous, since going from Ce3N to La3N changes the cage
preference from C88 to C96, another increase of eight carbon atoms. We believe that these
observations provide clear evidence for the importance of cluster-cage size complementarity
effects, or simply stated size matters.
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One reported example seems to deviate and almost contradict these observations, a
compound with the formula La3N@C79N, which was detected by matrix-assisted laser
desorption/ionization mass spectrometry as the preferentially templated cage using the so-called
chemically adjusting plasma temperature, energy and reactivity synthetic method.[91] The authors
tried to explain this apparent contradiction with the other results on the basis of electronic, as
opposed to size, effects, given that the size of the C79N cage should be very similar to that of C80.
Unfortunately this article did not report high performance liquid chromatography traces or other
analytical data to evidence the preference of La3N@C79N over La3N@C2n, except for the matrixassisted laser desorption/ionization (MALDI-TOF) spectrum. Given our frequent observations of
very widely differing abilities of endohedrals to desorb under MALDI-TOF conditions, we wonder
if the apparent preponderance of the C79N cage over that of C96, which the authors also observed
in the spectrum, is the result of such a difference. Perhaps the C79N cage is desorbed much more
easily and appears to be the preferred product, a situation we have frequently encountered in our
own work. Although this example seems to contradict the cluster-cage size complementarity
arguments presented earlier, assuming that the quantitation by MALDI-TOF is correct, it may be
more a reflection of the balance between size and electronic factors, which is certainly possible.
As stated above, these effects occur simultaneously and one can easily become dominant over the
other, as the C80 cage predilection of all the metal nitrides between Lu and Gd clearly show that
size can be overcome by electronic factors.
Another interesting series that nicely exemplifies the cluster-cage size complementarity is
the change in C78 cage isomers that are preferentially formed as the cluster size increases, reported
by Dunsch et al.[79] Although Sc3N@C78 preferentially selects the D3h (24109) symmetric cage, in
which the cluster fits well and in planar form, increasing the size of the cluster by increasing the
ionic radius of the encapsulated metals results in the preferential formation of a non-IPR cage C2
(22010), where the clusters fit better and in their planar form. This was found to be the case
computationally for the Y3N and Lu3N clusters. This interesting work was mainly based on
computational studies but they also performed vibrational spectroscopic analyses of
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experimentally isolated Tm3N@C78 and Dy3N@C78, which corroborated the assignments. Later
on we were able to confirm the cage symmetry by X-ray crystallographic analysis of Gd3N@C78,
which clearly showed it to be cage 22010, see in the previous text.[72-75] One could reasonably
argue that electronic factors likely play an important role in the selection of this cage, which
possesses two pentalene units and two of the encapsulated metal centers are adjacent to the fused
bonds between the five-membered rings, as discussed in the electronic effects section.
We feel that these two examples provide very strong evidence for the importance of clustercage size complementarity effects in determining the formation of endohedral fullerenes.
An additional and subtle effect of cluster size was revealed by the chemical reactivity of
endohedral compounds and the observation of isomeric exohedral adducts.[92,93,94-99] While a 1,3dipolar cycloaddition reaction led exclusively to the observation of pyrrolidine attachment to a
[5,6]-bond on Sc3N@Ih-C80,[92] the same reaction conditions led exclusively to [6,6]-pyrrolidine
addition on the analogous Y-based compound, Y3N@Ih-C80, (Figure 2.5).[93] Therefore, just a
slight change in the size of the encapsulated cluster was significant enough to result in totally
different and selective exohedral addition sites, although it was later shown that the [6,6]-addition
compound corresponded to the kinetic product which eventually thermalizes to the
thermodynamically preferred [5,6]-isomer derivative.[100-102] Very similar results were later
reported by Chen et al.[94] who showed that both [5,6] and [6,6]-exohedral addition products were
observed for pyrrolidine additions to ScxGd3-xN@C80 (Ih) (x = 0-3), but the ScGd2N@C80
pyrrolidine derivatives resulted exclusively in the [5,6]-isomer derivative upon thermalization
while the Gd3N@C80 pyrrolidine derivatives resulted exclusively in the [6,6]-isomer. An even
more recent example reported the first observation of reversible isomerization between [5,6] and
[6,6]-pyrrolidine adducts on Y3N@C80 (Ih) and Gd3N@C80 (Ih), which exist in equilibrium.[103]
The effect of the cluster size is not only observed for Ih-C80 cages, computational studies by Solà
et al. showed significant differences between Sc3N@D3h-C78 and Y3N@D3h-C78 towards DielsAlder reaction.[95-97]
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Figure 2.5 N-ethyl-pyrrolidine attached to a [5,6]-bond on Sc3N@Ih-C80 and a [6,6]-bond on
Y3N@Ih-C80.
All of these examples clearly show how sensitive the structures of these compounds and
those of their corresponding derivatives are to subtle electronic and size differences. In addition to
these parameters, the shapes of the clusters also play a definitive role in selecting appropriate cages
with complementary motifs.
2.4

SHAPE EFFECTS
We select only a few examples that clearly illustrate the effects of cluster-cage shape

complementarity, thus we restrict the discussion mainly to C70 and C72 cages. As far as we are
aware there are only three reported endohedral fullerene compounds that exhibit three violations
of the IPR, Sc3N@C68 (D3), which was already mentioned, Sc3N@C70 C2v (7854),[104] and a very
recent report of the same C2v (7854) cage incorporating two Sc ions, Sc2@C70,[67-69] although
Shinohara et al. earlier reported that Sc2C70 corresponded to a metallic carbide compound,
Sc2C2@C68 C2v (6073).[105] Of the three, only Sc3N@C68 (D3) was characterized by X-ray
crystallography, the others were mainly characterized by spectroscopic methods and the structures
assigned based on theoretical calculations. The proposed Sc2C2@C68 C2v (6073) exhibits a
perfectly complementary match between the cluster and the two pentalenes on the cage, with the
shape of the cluster providing optimal interaction between the two Sc ions and the two existing
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pentalenes on this cage, (Figure 2.6). On the other hand, the computationally proposed alternate
structure for Sc2@C70 C2v (7854) has two Sc ions adjacent to two pentalenes on the cage, but there
is a third pentalene that is not stabilized by the proximity of an endohedral ion, (Figure 2.6).

Figure 2.6 Comparison of two computational proposed structures of Sc2C70.
As stated earlier, to our knowledge this is the only proposed pentalene on an endohedral
structure which does not have a proximal cation inside. The authors propose that the pentalenes
are stabilized by increased aromaticity induced by the negative charges, which nominally
transform the 8π antiaromatic pentalenes into 10π aromatic structures. However, as stated earlier,
if charge transfer and aromatization of the pentalenes is strongly stabilizing, then pentalenes would
be ubiquitous, especially if no endohedral counterions are required for their electrostatic
stabilization, and can exist as free standing units. In the case of Sc3N@C70 C2v (7854),[104] which
has the same cage symmetry, the three pentalenes are perfectly complemented by the three
proximal Sc ions in the cluster, very similar to the size and shape fit exhibited by Sc3N@C68 (D3).
The originally proposed Sc2C2@C68 C2v (6073) is more congruent with the size-shape
complementarity idea presented in this article, but further experimentation, hopefully an X-ray
single crystal structure, will be required to solve these conflicting observations.
Consistent with the shape complementarity observations for C70 cages is the recently
reported Sc2S@C70 C2 (7892),[59] which has two pentalene units whose positions on the cage nicely
complement the shape of the cluster to provide close contacts with the encapsulated Sc ions. Using
computational methods, the most stable empty tetraanionic cage C704- corresponds to that of the
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only IPR isomer (8149) possible, but upon encapsulation of Sc2S the most stable cage is 7892, by
18.6 kcal mol-1 compared with the next in stability, cage 7924, which also possesses two pentalene
units. Perhaps one of the most striking examples of shape complementarity is provided by the C72
endohedral fullerene cage family. In a very comprehensive article by Popov and Dunsch,[52,54,64-66]
they computed the stabilities of many fullerene cages in their hexaanionic form and then after
encapsulation of the Sc3N cluster. The most stable C726- cage is the D2 (10611), which is 17 kcal
mol-1 more stable than the next one, and has opposing pentalenes on a linear arrangement across
the cage, (Figure 2.7). Cage 10528 is about 19 kcal mol-1 less stable in its hexaanionic form but it
becomes the most stable after encapsulation of Sc3N, while cage 10611 is about 13 kcal mol-1 less
stable after cluster encapsulation. The shape of the cluster provides a better fit in the 10528 cage
because two of the Sc ions can interact with the two existing pentalenes on this cage (Figure 2.7).
No available cage with three perfectly complementary pentalenes exists, the closest being cage
10482, but the fit is not perfect, thus why 10528 is preferred. It is virtually impossible for the
triangular cluster to provide close proximity of two Sc ions with the linearly disposed pentalenes
on cage 10611, thus why it is relatively destabilized.

Figure 2.7. La2@D2-C72 exclusively select cage 10611, where each La ion sits close to the
pentalenes at the poles
Interestingly, what if the encapsulated species had the ability to donate six electrons but
possess a different shape, or better still, have no specific shape at all, meaning that it could adjust
to the cage structure essentially at will? Under those conditions it would be expected that cage
10611 would predominate, since it is the most stable in its hexaanionic state. This is exactly what
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is observed experimentally for La2@C72, which exclusively selects the 10611, since the two La3+
ions can independently interact with the corresponding pentalenes on opposing ends (Figure 2.7).
We believe that this is a striking and significant example of the importance of shape selectivity in
endohedral fullerene compounds.
2.5

CONCLUSIONS
The presence of pentalene units in endohedral fullerenes results from a combination of

several factors such as charge transfer from the encapsulated entity to the carbon cage, localization
of negative charge at the pentalene units, and aromatization of the pentalene units upon gaining
electrons. These factors make the pentalenes reasonably common on endohedral fullerene cages,
even though each one destabilizes the cage by 17-22 kcal mol-1.
As far as we are aware very little is known about the relative and opposite contributions
that arise from introducing pentalene units on a fullerene cage vs the stabilization that results from
the electrostatic interactions with the encapsulated cations and the gain in aromaticity.
The only case of a cage pentalene that does not have a proximal endohedral metal ion
stabilization was recently proposed based on computational studies for Sc2@C70, which has three
pentalene units, and two of them have proximal Sc ions, but the other pentalene does not. Further
experimental results are needed to confirm such an unusual structure.
When the cages are sufficiently small to accommodate planar clusters, the presence of
pentalene units is observed, but in larger cages, IPR cages typically exist that can accommodate
the planar clusters.
The tremendous stabilization of the C80 (Ih) cage upon the transfer of six electrons from the
cluster to the triply degenerate HOMO of the cage is able to offset the strain that results as the
metal radius increases and pyramidalization of the cluster occurs. This is not the case when the
metal radius of the trimetallic nitride cluster is sufficiently large, as for La, Ce, Pr and Nd.
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Section 3: An Efficient Method to Separate Sc3N@C80 Ih and D5h Isomers and
Sc3N@C78 by Selective Oxidation with Acetylferrocenium
[Fe(COCH3C5H4)Cp]+
Abstract: Based on the different oxidation potentials of endohedral fullerenes Sc3N@C80
Ih and D5h and Sc3N@C78, an efficient and useful method that avoids HPLC has been developed
for their separation. Selective chemical oxidation of the Sc3N@D5h-C80 isomer and Sc3N@C78
using an acetylferrocenium salt [Fe(COCH3C5H4)Cp]+ followed by column chromatographic
separation and reduction with CH3SNa results in the isolation of pure Sc3N@Ih-C80, Sc3N@C78
and a mixture of Sc3N@D5h-C80 and Sc3N@C68. Experimental procedures and figures presented
here are a pre-peer reviewed version of the following article (See Appendix B for the copyright
letter): Cerón, M. R.; Li, F.-F.; Echegoyen, L. Chem. Eur. J. 2013, 19, 7410.
3.1

INTRODUCTION
Trimetallic nitride endohedral metallofullerenes (TNT-EMFs) have attracted considerable

attention mainly due to their potential applications,[106-109] as promising magnetic resonance
imaging (MRI) contrast agents[110,111] candidates and in organic photovoltaics.[112] This is
especially true for Sc3N@Ih-C80, because it is produced in high yields during arc production.[51]
The icosahedral isomer of C80 was initially observed for La2@C80.[113] Later, Ih symmetry cages
were also observed for Ti2@C80,[114] Sc3N@C80,[51] Tb3N@C80,[82] and Lu3N@C80[115] among
others.[10,106-109] The D5h isomer of Sc3N@C80 (which constitutes approximately 10% of the arced
sample), was isolated for the first time by HPLC four years after the discovery of the Ih isomer.[51]
The partial separation of the Ih and D5h isomers was performed by HPLC using a PBB column
(Phenomenex), followed by a BuckyPrep and a Buckyclutcher column, in series, resulting in very
low yields.[16]
The interest to isolate the Sc3N@D5h-C80 isomer is partly motivated by its higher reactivity
compared to that of the Ih analogue; attributable to the difference between the HOMO-LUMO gaps
of the isomers, with the D5h possessing a smaller band gap.[16,116] In addition, the higher HOMO
value of the Sc3N@D5h-C80 isomer (-5.29 eV by DFT calculations[116] and -5.251 eV by cyclic
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voltammetry[117]), compared with that of the Ih isomer (-5.45 eV by DFT and -5.370 eV by cyclic
voltammetry[117]), suggests it may exhibit interesting properties in bulk-heterojunction
photovoltaic devices, and probably show better acceptor characteristics, even if the LUMO
energies of both isomers are not significantly different (-3.01 eV for Sc3N@D5h-C80 and -2.91 eV
Sc3N@Ih-C80).[116] HPLC is currently the only available technique to isolate the D5h
isomer[115,116,118,119] and is also the standard technique for the separation of metallofullerenes,
empty-cage fullerenes, and structural isomers.[120] However, to purify metallofullerenes, a linear
combination of two or three specialized HPLC columns is required,[16,121] or a recycling HPLC
sequence with one of these specialized columns.[118] These procedures are not practical and are
very time consuming, because large quantities of high-purity solvents are required. Additionally,
the final isolated quantities are very small and the separation is not optimal.
Due to the inefficiency of the HPLC method, attempts have been made to find alternative
chemical ways to separate TNT-EMFs and empty-cage fullerenes (ECFs) based on their reactivity.
The first reported example to separate TNT-EMFs from ECFs in a single step used a
cyclopentadiene-functionalized Merrifield resin.[122] A similar methodology was later reported by
using eutectic 9-methylanthracene, which gave a mixture of empty fullerene adducts and unreacted
TNT-EMFs (Sc3N@C78 and Sc3N@C80 isomers).[123] This method only allows the separation of
Sc3N@C68 from the rest of the TNT-EMFs, but it is not an efficient method because Sc3N@C68
cannot be recovered. Another simple nonchromatographic method called "stir and filter approach"
(SAFA) not only allows the separation of ECFs from TNT-EMFs, but also the separation of
Sc3N@C68 and Sc3N@C78 from the Sc3N@C80 isomers.[124] The disadvantages of this method are:
(i) time consuming (4 days to completely remove Sc3N@C68 and Sc3N@C78); (ii) Sc3N@C68 and
Sc3N@C78 cannot be recovered; and (iii) it is not possible to separate Sc3N@C80 Ih from the D5h
isomer.
An alternative method based on the different oxidation potentials between the Sc3N@C80
Ih and D5h isomers was reported to separate both isomers.[125] The separation was accomplished by
using a silica-gel

column and employing a chemical oxidizing agent, tris(para23

bromophenyl)aminium hexachloroantimonate (TPBAH), to selectively oxidize Sc3N@D5h-C80.
Chromatographic separation gave pure icosohedral Sc3N@C80 after a single oxidative step that can
be scaled up to any amount, but the method did not report the recovery of the oxidized D5h isomer,
which stays in the column.[125] A comparable method was reported by using a precipitation scheme
utilizing Lewis acids that selectively complex TNT-EMFs, which allows the separation of the
Sc3N@Ih-C80 isomer in gram quantities, but does not allow the separation of pure Sc3N@D5hC80.[126]
Therefore, there is no convenient and efficient method currently available to isolate the D5h
isomer of Sc3N@C80. Due to its unavailability, the chemistry of Sc3N@D5h-C80 remains largely
unexplored,[16,117,119,121,127] with just a few examples of its functionalization reported to date.[116,118]
The work reported herein is focused on the scalable separation of the D5h isomer from the Ih isomer,
avoiding the use of HPLC techniques. The selective and complete separation of Sc3N@C80 Ih and
D5h isomers, as well as the first report of the separation of Sc3N@C78, was accomplished by using
a chemical oxidizing scheme, based on the differences in the oxidation potentials of these three
endohedral metallofullerenes.
3.2

RESULTS AND DISCUSSION
Table 3.1

Anodic half-wave potentials in volts versus Fc/Fc+ couple.
Compounds

E1/2 ox1

Sc3N@C80 (Ih)

0.59

Sc3N@C80 (D5h)

0.33

Sc3N@C78 [76]

0.21

Sc3N@C68 [128]

0.33

[Fe(η-C5H4COMe)Cp]+ [129]

0.27

TPBAH

0.71

The separation of Sc3N@C80 Ih and D5h is based on the different oxidation potentials of
both isomers, which differ by 260 mV (Table 3.1 and Figure 3.5 in the Supporting Information).
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Because the first oxidation potential is very different for both isomers (Table 3.1), it was possible
to find a suitable oxidizing reagent that was able to selectively oxidize the D5h. The selected
oxidant

was

acetylferrocinium

tetrakis(pentafluorophenyl)boride

([Fe(COCH3C5H4)Cp][TFAB]).[129-130] This cation-radical salt has an oxidation potential that is
lower (0.27 V, Table 3.1) than that of the D5h isomer (0.33 V, Table 3.1), and because Sc3N@C78
and Sc3N@C68 have lower oxidation potentials than Sc3N@D5h-C80 (Table 3.1), an excess of the
salt should oxidize all endohedrals, except Sc3N@Ih-C80. The reason to change the oxidizing agent
from the one previously reported[125] is because TPBAH has an oxidation potential that is higher
than that of Sc3N@Ih-C80 (Table 3.1 and Figure 3.6 in the Supporting Information), therefore
TPBAH can also oxidize the Sc3N@Ih-C80 isomer if added in excess.

Figure 3.1 HPLC chromatograms of a) arc reactor sample (AS); b) pure Sc3N@Ih-C80 eluted
after oxidation of AS with [Fe(COCH3C5H4)Cp][TFAB]; c) mixture of Sc3N@D5hC80, Sc3N@C78, Sc3N@C68, and a small amount of Sc3N@Ih-C80 after eluting with
the reductant CH3SNa. Conditions: 5PBB column (10 ID x 250 mm); toluene (5 mL
min-1) at room temperature; λ = 320 nm. Peaks labeled with start are from solvent.
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To achieve the isomeric separation with [Fe(COCH3C5H4)Cp][TFAB] and to compare with
the reported results by using TPBAH,[125] two (12 mg) samples (Figure 3.1a and 3.2a) were
dissolved in CS2 (100 mL) by using sonication for 5 min. For simplicity, we define experiment A
as the one employing [Fe(COCH3C5H4)Cp][TFAB] and B for TPBAH.

Scheme 3.1

Approach to purify Sc3N@D5h-C80 by using [Fe(COCH3C5H4)Cp][TFAB] as an
oxidizing reagent and CH3SNa as a reducing agent.

[Fe(COCH3C5H4)Cp][TFAB] (10.54 mg) and TPBAH (9.41 mg) were dissolved in
CH2Cl2 (3.5 mL and 6.5 mL, respectively) and added immediately to each fullerene sample. Both
mixtures were sonicated for 90 min and then deposited in silica columns A (Scheme 3.1, cycle 1)
and B. The amount of salt used for both experiments was calculated by using a deconvolution
procedure (Cutter Version 5.0), to determine the area of Sc3N@D5h-C80 in the HPLC
chromatogram. The ratio used was Sc3N@C68/salt 1:4, Sc3N@C78/salt 1:3, and Sc3N@D5h-C80/salt
1:3 for both oxidizing agents. The amount of C60 and C70 was not taken into account in the
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calculation of the amount of salt, because neither oxidizing agent is strong enough to oxidize the
empty fullerenes.
The unoxidized compounds were eluted with CS2, recovering 7.32 mg from column A and
3.55 mg from column B. HPLC analysis of the two eluted fractions (Figures 3.1b and 3.2b,
respectively) showed them to contain pure Sc3N@C80 Ih. The only notable difference between the
results with both oxidizing agents is the recovered amount of Sc3N@Ih-C80.
To recover the oxidized fullerene-cation radicals adhered to the silica gel, CH3SNa was
then added as a reducing agent.[131] CH3SNa (1.86 and 1.58 mg) was dissolved in methanol (2 and
1.8 mL, respectively) and added to the respective A and B columns. The amount of the CH3SNa
was calculated taking into account a ratio of 2:1 reducing agent/Sc3N@C68, Sc3N@C78, and
Sc3N@D5h-C80, then dissolved in the smallest amount of methanol possible to minimize changes
in polarity of the mobile phase in the column.

Figure 3.2 HPLC chromatograms of a) AS; b) pure Sc3N@Ih-C80 after eluting the oxidized AS
with TPBAH; c) mixture of Sc3N@Ih-C80, Sc3N@D5h-C80, Sc3N@C78, Sc3N@C68
after column reduction with CH3SNa. Conditions: 5PBB column (10 ID x 250 mm);
toluene (5 mL min-1) at room temperature; λ = 320 nm. Peaks labeled with start are
from solvent.
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Figure 3.3 HPLC chromatograms of a) sample after reduction from the first silica gel column;
b) mixture of Sc3N@Ih-C80 and Sc3N@D5h-C80 after oxidation with
[Fe(COCH3C5H4)Cp][TFAB]; c) mixture of Sc3N@C68, Sc3N@C78 and Sc3N@D5hC80 after reduction with CH3SNa. Conditions: 5PBB column (10 ID x 250 mm);
toluene (5 mL min-1) at room temperature; λ = 320 nm. Peaks labeled with start are
from solvent.
After reduction, the fullerene mixture of both columns was eluted with CS2, recovering
4.64 mg from column A and 4.74 mg from column B. HPLC analysis of the eluted fractions
(Figures 3.1c and 3.2c) showed a mixture of Sc3N@D5h-C80, Sc3N@C78, and Sc3N@C68, and a
small amount of Sc3N@Ih-C80 from column A and a large amount of Sc3N@Ih-C80 in the case of
B. Although both procedures easily gave the pure Ih isomer, TPBAH gave a much lower yield due
to its very high oxidation potential compared to that of Sc3N@Ih-C80 (Table 3.1). Any excess of
the salt resulted in the oxidation of the Ih isomer as well. Almost 4 mg of the total sample remained
in the column, which was impossible to recover even after multiple reduction attempts with
CH3SNa. The presence of a small amount of Sc3N@Ih-C80 in the eluent after CH3SNa reduction
of column A is probably due to the increased polarity of the solvent mixture, which decreases the
solubility of the endohedral fullerenes,[120] thus leaving some Sc3N@Ih-C80 in the column after the
elution of the first fraction.
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Figure 3.4 HPLC chromatograms of a) sample after reduction from the first silica gel column;
b) mixture of Sc3N@Ih-C80 and Sc3N@D5h-C80 after oxidation with
[Fe(COCH3C5H4)Cp][TFAB]; c) mixture of Sc3N@C68, Sc3N@C78 and Sc3N@D5hC80 after reduction with CH3SNa. Conditions: 5PBB column (10 ID x 250 mm);
toluene (5 mL min-1) at room temperature; λ = 320 nm. Peaks labeled with start are
from solvent.
To purify Sc3N@D5h-C80, a series of oxidation and reduction cycles with
[Fe(COCH3C5H4)Cp][TFAB] and CH3SNa were performed, which are summarized in Scheme
3.1. To be able to completely remove Sc3N@Ih-C80, the second fraction obtained by reduction
from column A (Figure 3.2a) was used to perform another oxidation/reduction cycle (Scheme 3.1,
cycle 2). By using the same ratio of the salt with respect to Sc3N@D5h-C80, Sc3N@C78, Sc3N@C68,
and

the

fullerene

sample

(4.64

mg)

was

dissolved

in

CS2

(50

mL)

and

[Fe(COCH3C5H4)Cp][TFAB] (12.12 mg) in CH2Cl2 (3.6 mL) and added immediately to the
fullerene sample, following the same procedure as already described. HPLC analysis after
oxidation (Figure 3.2b) showed that Sc3N@C78 was completely oxidized as most of the Sc3N@C68
and Sc3N@D5h-C80 (1.19 mg). The corresponding reduction was performed with CH3SNa (2.10
mg) dissolved in methanol (2.5 mL). HPLC analysis of the eluted fraction with CS2 (Figure 3.2c)
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showed the complete separation of Sc3N@D5h-C80 from the Ih isomer, along with Sc3N@C78, and
Sc3N@C68 (3.35 mg).
Finally, the second fraction obtained after reduction from the second column (Figure 3.4a)
was used to do another oxidation and reduction cycle (Scheme 3.1, cycle 3) to separate Sc3N@D5hC80 and Sc3N@C68 from Sc3N@C78. By using a ratio of Sc3N@C78/salt 1:3, the fullerene sample
(3.35 mg) was dissolved in CS2 (40 mL) and [Fe(COCH3C5H4)Cp][TFAB] (2.58 mg) in CH2Cl2
(1.1 mL). The same procedure as described previously was used. HPLC analysis after the oxidation
step (Figure 3.4b) showed the complete separation of Sc3N@D5h-C80 and Sc3N@C68 from
Sc3N@C78. Sc3N@D5h-C80 and Sc3N@C68 cannot be separated by this method, because they have
almost identical oxidation potentials (Table 3.1). The corresponding reduction was performed with
CH3SNa (1.30 mg) dissolved in methanol (1.8 mL). HPLC analysis of the eluted fraction with CS2
(Figure 3.4c) showed Sc3N@C78 (major peak), as well as a small amount of Sc3N@D5h-C80 and
Sc3N@C68. One of the advantages of this method over those reported[125,126] is that most of the
Sc3N@Ih-C80 is recovered. In addition, it is not necessary to separate Sc3N@C68 and Sc3N@C78
by HPLC, and Sc3N@D5h-C80 can be recovered.
3.3

CONCLUSION
An efficient and effective method to separate the Ih and D5h isomers of Sc3N@C80 based

on their oxidation potential differences has been developed. The complete and selective separation
of the Sc3N@D5h-C80 and Sc3N@C78 isomers from Sc3N@Ih-C80 by using acetylferrocinium
[Fe(COCH3C5H4)Cp]+ as an oxidizing agent and CH3SNa as a reducing agent was accomplished.
Although Sc3N@C68 and Sc3N@D5h-C80 cannot be separated based on the difference in the
oxidation potential, the separation of the two can be made by using their different chemical
reactivity.
3.4

EXPERIMENTAL SECTION
The synthesis of TNT EMFs was conducted in an arc-discharge reactor by using ammonia

as a "reactive-gas atmosphere", and graphite rods packed with Sc2O3 and graphite powder.[51] With
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this method, mainly metal nitride EMFs were obtained, with less than 5% empty fullerenes. HPLC
analysis of the extract after washing with diethyl ether and acetone to remove polyaromatic
hydrocarbons showed a mixture of six compounds, corresponding to C60, C70, Sc3N@C68,
Sc3N@C78, and to an isomeric mixture of Ih and D5h Sc3N@C80, with the latter showing as a trailing
shoulder after the larger Ih isomer peak (Figure 2.1a). HPLC experiments were performed by using
a 5PBB column, which does not afford a complete separation of the two isomers in a single cycle.
3.4.1 Synthesis of the [Fe(COCH3C5H4)Cp][TFAB] salt
To a stirring solution of [Fe(COCH3C5H4)Cp] (213.05 mg, 0.93 mmol) in anhydrous
diethyl ether (25 mL) at RT, a solution of AgBF4 (201.00 mg, 1.03 mmol) in anhydrous diethyl
ether (5 mL) was added by using a Schlenk line. After 0.5 h, the blue-green reaction mixture was
evaporated to dryness in vacuum,[23] the residue was washed with anhydrous diethyl ether four
times, 10 mL each, to remove excess of the unreacted starting material. The residue was extracted
with anhydrous CH2Cl2 (100 mL). After filtration through a 0.2 μm PTFE syringe filter, the volume
of the dark blue extract was dried in vacuum, giving 258.02 mg (87.82%) of the compound.
To a stirred solution of [Fe(COCH3C5H4)Cp]BF4 (94.90 mg, 0.30 mmol) in anhydrous
CH2Cl2 (10 mL) at RT, a suspension of KTFAB (230.50 mg, 0.32 mmol) in anhydrous CH2Cl2 (8
mL) was added by using a Schlenk line. After 15 h, the blue-green reaction mixture was evaporated
to dryness in vacuum, and the residue was extracted with anhydrous diethyl ether (50 mL). After
filtration through a 0.2 μm PTFE syringe filter, the volume of the green-blue extract was dried in
vacuum, washed with anhydrous pentane, and kept in a desiccator (yield 209.30 mg, 75.13%).[130]
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3.5

SUPPORTING INFORMATION
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Figure 3.5 Square wave voltammogram (SWV) of the isomeric mixture Sc3N@C80 Ih and D5h
(o-DCB containing 0.05 M n-Bu4NPF6; using the redox couple Fc/Fc+ as internal
reference).
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Figure 3.6 Square wave voltammogram of TPBAH (o-DCB containing 0.05 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).

32

Figure 3.7 MALDI-TOF to verify the composition of each fraction of the cycle 1.

Figure 3.8 MALDI-TOF to verify the composition of each fraction of the cycle 2.
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Figure 3.9 MALDI-TOF to verify the composition of each fraction of the cycle 3.
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Section 4: Reactivity Differences of Sc3N@C2n (n = 34 and 40). Synthesis of the
First Methanofullerene Derivatives of Sc3N@D5h-C80
Abstract: Using a purification method introduced earlier (Section 3) based on redox
properties it was possible to isolate Sc3N@Ih-C80 and Sc3N@D3h-C78 and a mixture of Sc3N@D5hC80 and Sc3N@D3-C68. Taking advantage of their chemical reactivity differences, Sc3N@D5h-C80
was isolated from Sc3N@D3-C68 followed by further functionalization, giving rise to five new
methano-derivatives

of

Sc3N@D5h-C80.

For

reproduction

of

material

from

Chemical

Communications: Izquierdo, M.; Cerón, M. R.; Alegret, N.; Valdez, J. A.; Rodriguez-Fortea, A.;

Olmstead, M. M.; Balch, A. L.; Poblet, J. M.; Echegoyen, L. Chem. Commun. 2015, DOI:
10.1039/C5CC07416A. Reproduce by permission of The Royal Society of Chemistry.
4.1

INTRODUCTION
In 1999 Stevenson et al. reported the third most abundant fullerene that can be prepared in

an arc reactor, Sc3N@Ih-C80.[12] The discovery of the trimetallic nitride endohedral fullerene (TNT)
family includes the non-IPR Sc3N@D3-C68,[13] the IPR Sc3N@D3h-C78[15] and the Sc3N@D5h-C80
isomer,[16,119] all containing the same encapsulated triscandium nitride cluster inside.[14,52-54]
It is convenient that four different and interesting compounds are obtained in a single arcing
experiment but their efficient separation presents many challenges. Several methods to isolate
endohedral fullerenes have been reported,[122-126] but none of them result in the efficient
purification of Sc3N@D5h-C80. Taking advantage of the differences in the oxidation/reduction
potentials of the members of the Sc3N@C2n (n = 34, 39, 40) family, we described in section 3 a
selective chemical oxidation method that allows the isolation of pure Sc3N@Ih-C80 and Sc3N@C78,
leaving a mixture of Sc3N@D5h-C80 and Sc3N@C68.[132]
Exohedral functionalization of endohedral fullerenes is essential to improve their
solubilities and to explore their properties and potential applications.[9,10,27,109,133] There are very
few examples of derivatives of Sc3N@C68[134,135] and Sc3N@D5h-C80,[16,116-119,127] partly because of
their low synthetic yields and also due to the very large number of derivative isomers that can be
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obtained, which makes their purification and characterization very difficult. For example, the D3symmetric non-IPR Sc3N@C68 possesses 18 different types of bonds (Figure 4.1a), so an
unsymmetric addend could yield 35 possible regioisomers.[53,54] In the case of the D5h-symmetric
Sc3N@C80, which has higher symmetry, there are nine different types of bonds and 15 possible
regioisomer derivatives (Figure 4.1b).[16,119]

Figure 4.1 Optimized structures for a) Sc3N@D3-C68; b) Sc3N@D5h-C80 (Sc3N cluster is omitted
for clarity). The a) 18 and b) 9 different types of bonds are labeled; [6,6]-junctions
identified with numbers, [5,6] and [5,5]-junctions with letters. In the text and in Table
4.1, these bonds are labeled with the “b-” prefix to avoid confusion with the product
isomers (1-8).
There is only one example of an organic solar cell based on an endohedral fullerene
acceptor (PCBH-Lu3N@Ih-C80).[112] The main advantage of the endohedral fullerenes in
photovoltaic applications results from their higher reduction potentials when compared to C60 and
C70 (LUMO level),[101] that results in higher open circuit voltages (Voc) and thus to higher power
conversion efficiencies.
Here we report the separation of Sc3N@D5h-C80 from Sc3N@C68 based on their chemical
reactivity differences.[49,110,122] Exohedral functionalization of Sc3N@C68 was performed using a
cyclopropanation reaction with the p-toluenesulfonyl tosyl hydrazone of phenyl butyric acid
methyl ester to yield the corresponding PCBM-type derivatives. We also present for the first time
the synthesis and characterization of five PCBM methano-derivatives of Sc3N@D5h-C80 (including
the X-ray diffraction structure of one of the isomers) and two PCBM methano-derivatives of
Sc3N@C68.
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4.2

RESULTS AND DISCUSSION

4.2.1 Separation of Sc3N@D5h-C80
A sample containing a mixture of Sc3N@D5h-C80 and Sc3N@C68 was obtained as described
previously, by the selective oxidative/reductive removal of Sc3N@Ih-C80 and Sc3N@C78.[132]
Sc3N@D5h-C80 was then isolated from Sc3N@C68 by using a chemical reaction with the ptoluenesulfonyl tosyl hydrazone of phenyl butyric acid methyl ester (Compound 1, Scheme
4.1).[30,136] This reaction afforded new endohedral derivatives of Sc3N@C68 and also provided a
convenient separation method to purify Sc3N@D5h-C80.

Scheme 4.1

Synthesis of PCBM analogues of Sc3N@C68.

The use of very accurate quantities of the reagents was crucial to successfully remove the
Sc3N@C68 and isolate pure Sc3N@D5h-C80. Once the isomeric compounds 2 and 3 in scheme 4.1
(PCBM-Sc3N@C68) are formed, the pristine endohedral fullerene (Sc3N@D5h-C80) can be easily
separated from the reaction crude using regular silica gel column chromatography (Figure 4.6). To
ensure the complete removal of Sc3N@C68, the reaction was followed by HPLC, taking an aliquot
of the reaction crude and injecting it into the HPLC using a 5-PBB column. The optimized
procedure employed 11.2 equivalents of tosyl hydrazone 1 per equivalent of Sc3N@C68 while
heating during 1 hour at 95 °C. Using these conditions we recovered mainly multiple adducts of
37

Sc3N@C68 as detected by MALDI-TOF (Figure 4.7) and a small fraction of monoadducts of
PCBM-Sc3N@D5h-C80 (Figures 4.7 and 4.8).
4.2.2 PCBM-Sc3N@D3-C68
To characterize the PCBM-Sc3N@C68 monoadducts the reaction was repeated with fewer
equivalents of 1 to yield two main monoadduct isomers (2 and 3, Figure 4.2). The two isomers
were purified by HPLC and characterized by 1H NMR, mass spectrometry and UV/vis
spectroscopy (Figures 4.9-4.14). Although the D3-symmetry of Sc3N@C68 can result in 35 possible
regioisomers, we only observed two, which suggests a highly regioselective formation pathway,
possibly directed by the encapsulated cluster inside.[65,137]

Figure 4.2 Recycling HPLC profile of the two isomers of PCBM-Sc3N@C68. Conditions:
Buckyclutcher column (10 ID x 250 mm); toluene (2 mL min-1) at room temperature;
λ = 320 nm.
Sc3N@D3-C68 possesses eight different types of [6,6]-bonds, nine different types of [5,6]bonds and one type of [5,5]-bond (Figure 4.1a, Figure 1.3). Due to the lack of symmetry of the
addend used, with the spectroscopic evidences at hand, we cannot discard any of the 35 possible
regioisomers for Sc3N@D3-C68.
Cyclopropanation reactions using hydrazones typically occur under thermodynamic
control. Dorn and co-workers as well as Poblet and co-workers predicted that the main product
under thermodynamic control for a Bingel reaction on Sc3N@D3-C68, is the “open” [6,6]-adduct
38

on bond b-2 (Figure 4.1a).[134,137] All attempts to grow single crystals of these PCBM derivatives
for structural assignment were unsuccessful; therefore DFT calculations were performed to
determine the preferred addition sites. An adduct on bond b-2 has been also confirmed to be the
lowest-energy product at 0 K as well as the most abundant isomer up to 353 K (80 °C) (see Table
4.1 and Figure 4.1a, a full list of all the computed monoadducts can be found in the Supporting
Information). Thus, if the reaction were to take place under thermodynamic control (vide infra),
addition to bond b-2 would be the preferred product. The second preferred isomer would be on
either bond b-a or bond b-b. Comparable results were observed by Akasaka and co-workers for a
Diels-Alder reaction, where it was predicted by DFT that bonds adjacent to the pentalene unit are
chemically more reactive.[135]

Figure 4.3 Recycling HPLC profile of the five isomers of PCBM-Sc3N@D5h-C80. Conditions:
Buckyclutcher column (10 ID x 250 mm); toluene (2 mL min-1) at room temperature;
λ = 320 nm.
4.2.3 PCBM-Sc3N@D5h-C80
The same PCBM reaction was performed using pure Sc3N@D5h-C80 and compared to that
reported for the Ih-C80 isomer. While Sc3N@Ih-C80 yields only one PCBM derivative isomer, we
observed five isomers for Sc3N@D5h-C80, out of the 15 distinct possibilities (4, 5, 6, 7 and 8).[138]
The five isomers were purified by HPLC (Figure 4.3) and characterized by NMR spectroscopy,
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mass spectrometry and UV/vis spectroscopy (Figures 4.16-4.29). Cyclic voltammetry (CV) was
recorded for isomers 4, 6, 7 and 8 and the crystal structure was obtained for isomer 7.
Table 4.1

Relative energies for the lowest-energy PCBM monoadducts for Sc3N@D3-C68 and
Sc3N@D5h-C80 including solvent effects (o-DCB).a
Reacting bondb

Bond type

Erel (kcal mol-1)

Sc3N@D3-C68
b-2*

[6,6] – Pyrene

0.0

b-a

[5,6] – Corannulene

4.2

b-b

[5,6] – type F

4.5

b-e

[5,6] – Corannulene

6.8

b-3

[6,6] – type B

8.4

Sc3N@D5h-C80

a

b-4*

[6,6] – Pyrene

0.0

b-c

[5,6] – Corannulene

7.6

b-b

[5,6] – Corannulene

8.1

b-a

[5,6] – Corannulene

8.6

b-1*

[6,6] – type B

8.7

b-3

[6,6] – type B

10.7

b-2

[6,6] – type B

11.2

b-d

[5,6] – Corannulene

11.6

b-5*

[6,6] – Pyracylene

22.1

Due to the non-symmetric addend, two different regioisomers are possible at each bond,

with energy differences always within 1 kcal mol-1 (see Supporting Information). For those bonds
that contain a symmetry operation (denoted with an asterisk) only one possible regioisomer exists.
b

Bonds are labelled without the prefix “b-” in Figure 4.1.
Sc3N@D5h-C80 possesses five different [6,6]-bonds and four different types of [5,6]-bonds

(Figure 4.1b). Based on the available spectroscopic data it is not possible to discard any of the 15
possible regioisomers for Sc3N@D5h-C80.
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Unfortunately, we cannot compare our results with the monoadduct of Sc3N@D5h-C80
synthetized via a 1,3-dipolar cycloaddition[116,117] or to those calculated for the Diels-Alder
additions,[96,139,140] because it has been shown that for endohedral fullerenes different reaction types
yield different regioisomers. For example, 1,3-dipolar cycloadditions on Sc3N@Ih-C80 result in
addition to [5,6]-bonds as the thermodynamic product,[92,141] while cyclopropanation reactions
typically results in additions to [6,6]-bonds,[27] with only one exception reported.[35] For this reason
we computed the lowest-energy regioisomers using DFT. The results collected in Table 4.1 show
that bond b-4 leads to the thermodynamically preferred monoadduct, followed by bond b-c at 7.6
kcal mol-1. Adducts on bonds b-b, -a and -1 are between 8 and 9 kcal mol-1 higher in energy; the
remaining adducts are at more than 10 kcal mol-1. Predicted molar fractions up to 400 K show that
bond b-4 leads to the most abundant adduct (see Supporting Information). These results are in full
agreement with the X-ray structural determination of compound 7, vide infra. Therefore, we might
infer that this type of addition is likely to take place under thermodynamic control. If this were the
case, adducts on bonds b-c and -b could be the other observed isomers in the HPLC chromatogram
(compounds 4, 5, 6 and 8; Figures 4.1b and 4.3). However, we cannot completely discard adducts
on bonds b-a and -1, which are very close in energy to adducts on bonds b-c and -b. A detailed
study of the reaction paths, is beyond the scope of this work.
4.2.4 Crystallographic Results
Black, single crystals of 7•CS2 were grown from a solution in CS2, CDCl3 and hexanes by
slow diffusion. The structure of the compound is shown in Figure 4.4. As the top drawing shows,
the internal Sc3N group, which is ordered, is oriented so that one of the scandium ions is located
near the site of addition. The lower drawing, which omits the Sc3N group for clarity, shows the
position of addition along the band of hexagons at the middle of the D5h-C80 cage. Adduct
formation has resulted in the rupture of the bond that formerly connected C38 and C43 in the cage.
The non-bonded C38…C43 distance in 7 is 2.20(2) Å, whereas in pristine Sc3N@D5h-C80 the
corresponding bonded C-C distance is 1.462 Å, which is the longest such distance in the cage.[116]
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Figure 4.4 Two views of the molecular structure of 7. The top view looks down former fivefold axis of the cage and on to the plane of the Sc3N unit, while the bottom view is
oriented with the former five-fold axis of the cage aligned vertically and omits the
Sc3N unit for clarity.
The redox properties were studied for isomers 4, 6, 7 and 8 of PCBM-Sc3N@D5h-C80 using
CV, with a scan rate of 100 mV/s in o-DCB solutions and 0.05 M of n-Bu4NPF6 as supporting
electrolyte. The CV results are summarized in Table 4.2. The cyclic voltammetry of isomers 4, 6,
7 and 8 showed three or four irreversible reduction waves, all cathodically shifted compared to
those reported for the corresponding pristine fullerene Sc3N@D5h-C80.[116] These results are in
agreement with previous reports of cathodic shifts upon double bond removal by chemical
functionalization.[35,138] Isomers 4, 6, 7 and 8 also showed two or four reversible oxidation waves
cathodically shifted compared to those of the corresponding pristine fullerene (Figures 4.18, 4.23,
4.26 and 4.29).[35,138]
The CV results showed that PCBM methano-derivatives of the Sc3N@D5h-C80 possess
higher reduction potentials when compared to PC61BM and PC71BM (LUMO level),[30] thus higher
open circuit voltages (Voc) could be expected when used in organic photovoltaic solar cells. The
CV of isomers 7 and 8 exhibited very similar reduction potentials to those reported for PCBH42

Lu3N@Ih-C80,[112] thus if all other factors remain constant, similar open circuit voltages could be
expected.
Table 4.2

4.3

Redox Potentials of PCBM-Sc3N@D5h-C80 4-8. Values obtained by CV in volts
versus Fc/Fc+ couple.
Compound

Epa+/+2

Epa0/+

Epc0/-

Epc-/-2

Epc-2/-3

Sc3N@D5h-C80[116]

-

0.34

-1.33

-

-

Isomer 4

0.74

0.40

-1.39

-1.68

-1.84

Isomer 6

0.39

0.11

-1.70

-1.94

-2.20

Isomer 7

0.60

0.30

-1.48

-1.78

-1.97

Isomer 8

0.69

0.27

-1.47

-1.87

-1.99

CONCLUSIONS
We report for the first time a convenient separation method of Sc3N@D5h-C80 from

Sc3N@C68 based on chemical reactivity differences, and the exohedral functionalization of the two
members of the Sc3N@C2n (n = 34 and 40) family, to yield the corresponding PCBM analogues.
We also synthesized and characterized the first methano-derivatives of Sc3N@D5h-C80 and the Xray diffraction structure of one of the isomers. Using Sc3N@C68 and the PCBM-diazo precursor
we predict preferential addition on the b-2 bond, the same regioisomer reported for the 1,3-dipolar
cycloaddition and the Bingel reaction.
4.4

SUPPORTING INFORMATION

4.4.1 Removal of Sc3N@C68
3.00 mg (8.0x10-3 mmol, 11.2 equiv) of tosyl hydrazone 1, 0.6 mL of anhydrous pyridine
and 1.08 mg (2.00x10-2 mmol, 2.5 equiv) of NaOMe were stirred under a nitrogen atmosphere at
room temperature for 20 min. A sample of 4.30 mg containing 84.0% of Sc3N@D5h-C80 and 16.0%
of Sc3N@C68, determined by HPLC analysis (Figure 1S), was then dissolved in 5.5 mL of
anhydrous o-DCB, added to the reaction mixture and heated to 100 °C during 1 h. The crude
43

product was purified by silica gel column chromatography, which afforded pure Sc3N@D5h-C80
eluting with CS2, a minor portion of monoadducts of PCBM-Sc3N@D5h-C80 eluting with toluene
and multiple adducts of PCBM-Sc3N@C68 eluting with toluene: ethyl acetate 7/3.

Figure 4.5 HPLC profile of a mixture of Sc3N@D5h-C80 and Sc3N@C68. Conditions: 5PBB
column (4.6 ID x 250 mm); toluene (1.2 mL min-1) at room temperature; λ = 320 nm.

Figure 4.6 HPLC profile of pure Sc3N@D5h-C80 obtained by silica gel column chromatography
after PCBM derivatization of a mixture of Sc3N@C68 and Sc3N@D5h-C80.
Conditions: 5PBB column (4.6 ID x 250 mm); toluene (1.2 mL min-1) at room
temperature; λ = 320 nm.
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Figure 4.7 MALDI-TOF spectrum of multiple adducts of Sc3N@C68 and monoadducts of
Sc3N@D5h-C80 using 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) as a matrix.

Figure 4.8 HPLC profile of the reaction crude after 1 hour heated at 100˚C, PCBM derivatization
of the mixture of Sc3N@C68 and Sc3N@D5h-C80. Conditions: 5PBB column (4.6 ID
x 250 mm); toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
4.4.2 Synthesis of PCBM-Sc3N@D3-C68
0.90 mg (2.40x10-3 mmol, 1 equiv) of tosyl hydrazone 1, 0.4 mL of anhydrous pyridine and
0.32 mg (6.00x10-3 mmol, 2.5 equiv) of NaOMe were stirred under a nitrogen atmosphere at room
temperature for 20 min. A sample of 4.63 mg containing 90.7% of Sc3N@D5h-C80 and 9.3% of
Sc3N@C68, determined by HPLC analysis, was then dissolved in 6.0 mL of anhydrous o-DCB,
added to the reaction mixture and stirred 24 hours at room temperature to yield monoadducts of
PCBM-Sc3N@C68. The crude was purified by silica gel column chromatography, using initially
CS2 as eluent to recover the unreacted Sc3N@D5h-C80, followed by toluene to recover the
monoadducts of PCBM-Sc3N@C68 and PCBM-Sc3N@D5h-C80.
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Figure 4.9 HPLC profile of the reaction crude after 24 hours at room temperature, PCBM
derivatization of the mixture of Sc3N@C68 and Sc3N@D5h-C80. Conditions: 5PBB
column (4.6 ID x 250 mm); toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
4.4.3 Characterization of PCBM-Sc3N@C68 (2 and 3)
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); PCBM-Sc3N@C68-2: δ 7.35 (d, 2H, J = 7.14

Hz), 7.23 (m, 1H), 7.16 (m, 2H), 3.66 (s, 3H, COO-CH3), 2.33 (t, 2H, J = 7.24 Hz, CH2-CH2-CO),
2.12 (m, 4H, CH2-CH2-CH2) ppm.

Figure 4.10 MALDI-TOF spectrum of PCBM-Sc3N@C68-2 using TPB as matrix.
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Figure 4.11 UV/vis spectrum of PCBM-Sc3N@C68-2 in toluene.

Figure 4.12 Cyclic voltammogram of PCBM-Sc3N@C68-2 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).
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1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); PCBM-Sc3N@C68-3: δ 8.32 (d, 2H, J = 7.64

Hz), 7.66 (m, 1H), 7.44 (t, 2H, J = 7.27 Hz), 3.51 (s, 3H, COO-CH3), 2.33 (t, 2H, J = 7.22 Hz,
CH2-CH2-CO), 2.24 (m, 2H, CH2-CH2-CH2), 2.04 (m, 2H, CH2-CH2-CH2) ppm.

Figure 4.13 MALDI-TOF spectrum of PCBM-Sc3N@C68-3 using TPB as matrix.
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Figure 4.14 UV/vis spectrum of PCBM-Sc3N@C68-3 in toluene.
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1000 1100 1200

Figure 4.15 Cyclic voltammogram of PCBM-Sc3N@C68-3 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).
4.4.4 Synthesis of PCBM-Sc3N@D5h-C80
21.42 mg (5.71x10-2 mmol, 1 equiv) of tosyl hydrazone 1, 3.0 mL of anhydrous pyridine
and 7.71 mg (0.14 mmol, 2.5 equiv) of NaOMe were stirred under a nitrogen atmosphere at room
temperature for 20 min. A sample of 4.22 mg of Sc3N@D5h-C80, was then dissolved in 5.0 mL of
anhydrous o-DCB, added to the reaction mixture and heated to 80˚C. The reaction was stopped
after 3½h when bis-adduct s were detected by MALDI-TOF. The crude was purified by silica gel
column chromatography, using initially CS2 as eluent to recover the unreacted endohedral pristine
fullerene, followed by toluene to recover the monoadducts of PCBM- Sc3N@D5h-C80, and finally
toluene: ethyl acetate 7/3 to recover a small fraction of multiple adducts of PCBM- Sc3N@D5hC80.
4.4.5 Characterization of PCBM-Sc3N@D5h-C80 (4, 5, 6, 7 and 8)
1

H NMR (600 MHz; CS2:CD2Cl2 1:1, 298 K); PCBM-Sc3N@D5h-C80-4: δ 8.29 (d, 2H, J =

7.42 Hz), 7.61 (t, 2H, J = 7.25 Hz), 7.56 (dd, 1H, J = 8.05, 14.69 Hz), 3.69 (s, 3H, COO-CH3),
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3.15 (m, 2H, CH2-CH2-CH2), 2.49 (t, 2H, J = 7.20 Hz, CH2-CH2-CO), 2.15 (m, 2H, CH2-CH2CH2) ppm.

Figure 4.16 MALDI-TOF spectrum of PCBM-Sc3N@D5h-C80-4 using TPB as matrix.
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Figure 4.17 UV/vis spectrum of PCBM-Sc3N@D5h-C80-4 in toluene.
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Figure 4.18 Cyclic voltammogram of PCBM-Sc3N@D5h-C80-4 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); PCBM-Sc3N@D5h-C80-5: δ 7.91 (d, 2H, J =

7.24 Hz), 7.48 (m, 2H), 7.44 (m, 1H), 3.67 (s, 3H, COO-CH3), 2.70 (m, 2H, CH2-CH2-CH2) 2.55
(t, 2H, J = 7.23 Hz, CH2-CH2-CO), 2.41 (m, 2H, CH2-CH2-CH2) ppm.

Figure 4.19 MALDI-TOF spectrum of PCBM-Sc3N@D5h-C80-5 using trans-2-[3-(4-t-butylphenyl)-2-methyl- 2-propenylidene]malononitrile (DCTB) as matrix.
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Figure 4.20 UV/vis spectrum of PCBM-Sc3N@D5h-C80-5 in toluene.
1

H NMR (600 MHz; CS2:CD2Cl2 1:1, 298 K); PCBM-Sc3N@D5h-C80-6: δ 8.09 (d, 1H, J =

7.85 Hz), 7.96 (m, 2H), 7.54 (d, 1H, J = 7.28Hz), 7.46 (m, 1H), 3.52 (s, 3H, COO-CH3), 2.21 (t,
2H, J = 7.57 Hz, CH2-CH2-CO), 1.88 (m, 2H, CH2-CH2-CH2), 1.71 (m, 2H, CH2-CH2-CH2), ppm.

Figure 4.21 MALDI-TOF spectrum of PCBM-Sc3N@D5h-C80-6 using DCTB as matrix.
52

0,8

PCBM-Sc3N@D5h-C80-6

0,7

Sc3N@D5h-C80

Absorbance (AU)

0,6
0,5
0,4
0,3

404.4

454.8

0,2
0,1
0,0
300

400

500

600

700

800

900

1000 1100 1200

Wavelength (nm)
Figure 4.22 UV/vis spectrum of PCBM-Sc3N@D5h-C80-6 in toluene.

Figure 4.23 Cyclic voltammogram of PCBM-Sc3N@D5h-C80-6 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).
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1

H NMR (600 MHz; CS2:CD2Cl2 1:1, 298 K); PCBM-Sc3N@D5h-C80-7: δ 7.28 (m, 1H),

7.23 (m, 2H), 7.15 (m, 2H), 3.68 (s, 3H, COO-CH3), 2.75 (m, 2H, CH2-CH2-CH2), 2.47 (t, 2H, J
= 7.24 Hz, CH2-CH2-CO), 2.01 (m, 2H, CH2-CH2-CH2) ppm.

Figure 4.24 MALDI-TOF spectrum of PCBM-Sc3N@D5h-C80-7 using DCTB as matrix.
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Figure 4.25 UV/vis spectrum of PCBM-Sc3N@D5h-C80-7 in toluene.
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Figure 4.26 Cyclic voltammogram of PCBM-Sc3N@D5h-C80-7 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).
1

H NMR (600 MHz; CS2: CD2Cl2 1:1, 298 K); PCBM-Sc3N@D5h-C80-8: δ 7.72 (d, 1H, J

= 7.73 Hz), 7.42 (m, 1H), 7.35 (dd, 2H, J = 8.12, 15.36 Hz), 7.29 (d, 1H, J = 7.28 Hz), 3.57 (s, 3H,
COO-CH3), 2.22 (t, 2H, J = 7.27 Hz, CH2-CH2-CO), 1.61 (m, 4H, CH2-CH2-CH2) ppm.

Figure 4.27 MALDI-TOF spectrum of PCBM-Sc3N@D5h-C80-8 using TPB as matrix.
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Figure 4.28 UV/vis spectrum of PCBM-Sc3N@D5h-C80-8 in toluene.

Figure 4.29 Cyclic voltammogram of PCBM-Sc3N@D5h-C80-8 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).
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4.4.6 X-ray Crystallography and Data Collection of 7.
Compound 7 was crystallized by slow diffusion of hexanes into a chloroform and carbon
disulfide solution of the complex.

Crystal data for 7, PCBM-Sc3N@D5h-C80·CS2 (CCDC

1421222). C93H14NO2S2Sc3, M = 1376.05, black plate, 0.165×0.053×0.021 mm, λ = 0.7749 Å
(synchrotron radiation at Beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley
Laboratory), orthorhombic, space group Pna21 (no. 33), a = 19.9442(6), b = 15.7417(6), c =
14.9924(4) Å, T = 100(2) K, V = 4706.9(3) Å3, Z = 4, 64302 reflections measured, 8566 unique
(Rint = 0.0730), Bruker ApexII; 2θmax = 55.64°; min/max transmission = 0.635/ 0.756 (multi-scan
absorption correction applied); direct methods solution; full-matrix least squares based on F2
(SHELXS and SHELXL-2014); Final wR(F2) = 0.4000 (all data), conventional R1 = 0.1649
computed for 7646 reflections with I > 2σ (FO), with 901 parameters and 715 restraints. Inversion
twin parameter, 0.22(10).
4.4.7 Computational Results
The calculations were performed by means of DFT methodology with the combined use of
the ADF-2012 and Gaussian-09 codes.[142-144] The exchange-correlation GGA density functionals
of Becke and Perdew (BP86)[145,146] were employed to calculate all the minima optimized
geometries with ADF-2012. Relativistic corrections were included by means of the ZORA (ZeroOrder Regular Approximation) formalism. Dispersion corrections were also incorporated (D3
method by Grimme).[147] Triple-ζ polarization basis sets (TZP) of Slater type were used to describe
the valence electrons of the atoms. Frozen cores consisting of the 1s shell were described by means
of single Slater functions. All the optimized geometries (BP86-D3/TZP), the energies of the
products were recomputed by using the M06 functional,[148] at the M06/6-311G** level with the
Gaussian-09 code. Solvent effects were also included by using the polarizable continuum model
(PCM)[149] to simulate the effects of o-DCB.
The vibrational frequencies and the corresponding normal modes were computed using the
harmonic approach. Relative abundances along the range of temperatures were obtained from the
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rigid rotor and harmonic oscillator (RRHO) and the related free-encapsulating model (FEM). In
the FEM model we consider that if at high temperature the cluster rotates freely inside the cage,
its contribution to the partition function will be similar for the different cages and will cancel out.
Table 4.3

Relative energies for computed PCBM monoadducts for Sc3N@D3-C68 including
solvent effects (o-DCB).
Reacting bonda

a

Bond type

Erel (kcal mol-1)

b-2*

[6,6] – Pyrene

0.0

b-a

[5,6] – Corannulene

4.2

b-ab

[5,6] – Corannulene

4.9

b-b

[5,6] – type F

4.5

b-b

b

[5,6] – type F

4.5

b-e

[5,6] – Corannulene

6.8

b-3

[6,6] – type B

8.4

b-5

[6,6] – type B

11.3

b-d

[5,6] – Corannulene

11.1

b-6

[6,6] – type B

10.9

b-g

[5,6] – Corannulene

14.3

b-c

[5,5] – Pentalene

14.3

b-j

[5,6] – Corannulene

16.9

b-i

[5,6] – Corannulene

19.3

b-1

[6,6] – type B

21.5

b-4

[6,6] – Pyracylene

17.4

b-8

[6,6] – type B

20.3

b-h

[5,6] – Corannulene

20.4

b-f

[5,6] – Corannulene

21.0

b-7

[6,6] – type B

21.8

Bonds are labelled without the prefix “b-“ in Figure 4.1. b Second regioisomer for such

adduct, with a different position of the non-symmetrical addend. *Bonds that contains a symmetry
element; only one possible regioisomer exists.
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Figure 4.30 Representation of the molar fraction as a function of the temperature for the three
most stable PCBM monoadducts on Sc3N@D3-C68.

Figure 4.31 Representation of the molar fraction as a function of the temperature for five PCBM
monoadducts on Sc3N@D5h-C80.
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Section 5: [5,6]-Open Methanofullerene Derivatives of Ih-C80
Abstract: The modification of endohedral metallofullerenes with an Ih-C80 cage by
cyclopropanation-type addition reactions generally yields the [6,6]-methanofullerene adducts.
[5,6]-open methanofullerenes with an Ih-C80-derived cage have been synthesized, as confirmed by
X-ray crystallography, under relatively mild, stoichiometric conditions along with the
corresponding [6,6]-open derivatives in good yields. Experimental procedures and figures
presented here are a pre-peer reviewed version of the following article (See Appendix C for the
copyright letter): Izquierdo, M.; Cerón, M. R.; Olmstead, M. M.; Balch, A. L.; Echegoyen, L.
Angew. Chem. Int. Ed. 2013, 52, 11826.
5.1

INTRODUCTION
The synthesis of novel endohedral metallofullerene (EMF) derivatives has attracted

considerable attention mainly due to their exceptional electronic properties.[9,10,21,67,109,150,151]
Exploring new derivatization protocols to increase the solubility and processability is crucial to
expand the potential applications of these compounds.[106-108,110-112,152-154] In general, EMFs show
low reactivity due to the pronounced stabilization resulting from extensive charge transfer between
the encapsulated metal cluster and the carbon cage.[155] It is well known that reactions such as 1,3dipolar cycloadditions of azomethine ylides,[92] Diels-Alder,[156,157] and [2 + 2] cycloadditions[158]
work well with trimetallic nitride endohedrals only if large excesses of the reagents and long
reaction times are used. An interesting observation concerning the most studied EMF, Sc3N@IhC80, is its lack of reactivity under regular Bingel–Hirsch conditions.[93] Sc3N@Ih-C80 reacts only in
the presence of dimethyl formamide (Pinzón-Bingel–Hirsch reaction).[159]
Cyclopropane-type

reactions

have

been

used

to

modify

EMFs

to

yield

methanofullerenes[138,160-162] and recently, azafulleroids[163] and silylene-bridged derivatives.[164]
There are two distinct addition sites available on the Ih isomer of C80 fullerenes: C-C bonds at [6,6]ring junctions (type B, Figure 1.3) and C-C bonds at [5,6]-ring junctions (type D, Figure 1.3). In
2005, Poblet and co-workers[165] reported that the corannulene [5,6]-bonds closest to the Sc atoms
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have the highest strain of all bonds in the Ih-C80 cage. Reactions at this bond can relieve some of
the strain and produce the thermodynamically more stable derivative; therefore, the [5,6]-bond is
more reactive toward exohedral functionalization. This hypothesis was experimentally
corroborated for reactions such as Diels-Alder[156] and 1,3-dipolar cycloadditions.[92,141] However,
the [6,6]-junction is favored for methano-bridge formation on Ih-C80.[160,166,167] Although
nitrogen[163] and silicon bridges[164] at [5,6]-bonds have been reported, the corresponding methano
adducts have remained elusive.
Phenyl-C61-butyric acid methyl ester (PC61BM) and phenyl-C71-butyric acid methyl ester
(PC71BM) are well known electron acceptors that exhibit reasonable efficiencies in organic
photovoltaic (OPV) devices;[25] thus, the methano bridge is a useful anchor for the preparation
fullerene derivatives, partly because of its stability at high temperatures. There are many examples
of methano derivatives of EMFs,[93,138,160-162,166] the most commonly reported are derivatives of
Sc3N@Ih-C80, because it is the third-most-abundant fullerene after C60 and C70. To the best of our
knowledge, all reported cyclopropane derivatives of Ih-C80 were formed by addition exclusively to
[6,6]-bonds.
The diphenylmethane (DPM) addend was first reported by Martín et al. on C60, and these
derivatives showed promising properties in organic photovoltaic (OPV) devices.[168-171] Some
methanofullerene derivatives of endohedral fullerenes have already shown reasonable efficiencies
in OPV devices.[112] Herein, we report the synthesis and characterization of six diphenylmethano
derivatives of Sc3N@Ih-C80 in good yields under mild conditions. Three of the compounds, 2a-c,
are the first examples of [5,6]-open methanofullerenes derived from an Ih-C80 cage. The structures
of compounds 2c and 3c were confirmed by X-ray crystallography.
5.2

RESULTS AND DISCUSSION

5.2.1 Synthesis and Characterization of DPMs-Sc3N@Ih-C80 (2 and 3)
Compounds 2 and 3 were obtained by photoirradiation of the appropriate carbene precursor
1 (5 equiv) in a solution of Sc3N@Ih-C80 in o-dichlorobenzene (o-DCB) at 0 ºC for 10 min (Scheme
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5.1, route A; see the Supporting Information). The modified endofullerenes 2 and 3 were obtained
in over 40% yield in all cases (> 70% as based on the unreacted pristine starting material). The
crude reaction product was purified by column chromatography on silica gel with CS2/hexanes
(7/3) as the eluent to yield a monoadduct fraction and with CS2/toluene (1:4) to yield a small
fraction of bis-adducts (see the Supporting Information). The matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectra confirmed the presence of the
molecular-ion peak for the monoadduct products (m/z 1430.7875 for (p-Br)2DPM-Sc3N@Ih-C80;
m/z 1274.0074 for DPM-Sc3N@Ih-C80 [M-H]-; and m/z 1475.0458 for (p-C6H13O)2DPM-Sc3N@IhC80; see Figures 5.9, 5.12 and 5.17, respectively, in the Supporting Information).

Scheme 5.1.

Synthesis of compounds 2a-c and 3a-c.

The 1H NMR spectra in most cases clearly showed the presence of two products with
different symmetry. Purification of the mixture by preparative recycling HPLC (with a
Buckyclutcher column; Figure 5.1) enables the isolation of 2 and 3 in different ratios, depending
on the para substituent on the aromatic ring (2a/3a 1:6; 2b/3b 1:5; 2c/3c 1:3).
The 1H NMR spectroscopic signals for the aryl hydrogen atoms of 2c appear as four
doublets (δ = 6.82, 695, 7.65 and 8.16 ppm; see the Supporting Information). In contrast, the
corresponding signals for 3c appear as two doublets (δ = 6.89 and 7.91 ppm; see the Supporting
Information). Thus, 2c is the [5,6]-addition product and 3c is the [6,6]-product (Figure 5.2 and
5.3c). Compounds 2a-c and 3a-c exhibited similar spectra (see the Supporting Information). 13C
NMR and UV/Vis spectroscopy were used to establish whether the addition reactions resulted in
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open- or closed-cage structures. The 13C NMR spectroscopic experiment was only possible for 3c
because it was obtained in reasonable amounts. The 13C NMR spectrum of compound 3c exhibited
40 signals for sp2 carbon atoms and two signals for the equivalent sp2 carbon atoms of the phenyl
rings (δ = 128.47 and 114.72 ppm, see Figure 5.15), in agreement with the expected symmetry of
the [6,6]-product. The chemical shift of the methano-bridge carbon atom (δ = 67.90 ppm) is similar
to those of other reported open cyclopropyl derivatives.[172-174]

Figure 5.1 Recycling HPLC profile of the monoadduct fraction 2c and 3c on a Buckyclutcher
column (10 ID x 250 mm); toluene (4 mL min-1) at room temperature; λ = 320 nm;
asterisk: solvent.

Figure 5.2 Possible cycloaddition products of Sc3N@Ih-C80. a) [6,6]-closed adduct; b) [5,6]closed adduct; c) [6,6]-open adduct; d) [5,6]-open adduct. The phenyl groups are
equivalent in a) and c) and nonequivalent in b) and d).
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The UV/Vis absorption spectra of 2c and 3c showed similar patterns to those of pristine
Sc3N@Ih-C80. The similarity of the spectra suggests that the electronic structure of the C80 cage is
minimally perturbed and indicates that both compounds probably have open structures (fulleroids;
see Figure 5.18). The diarylcarbene 1c is remarkably reactive, as evidenced by the formation of 2c
and 3c (1:3 ratio; Figure 5.3c) in chlorobenzene at -40 ºC. The mixture of monoadducts was
obtained in 40% yield, which is only slightly lower than that observed when the reaction was
carried out at 0 ºC (48%).

Figure 5.3

1

H NMR (600 MHz, CDCl3, 298K) of the monoadduct fractions; a) 2a/3a formed
under photochemical conditions (the ratio in this case was calculated by HPLC; see
Figure 4.7); b) 2a/3a formed under thermal conditions; c) 2c/3c (the ratio of the
products was the same whether formed under photochemical or thermal conditions);
● signals for the [5,6]-derivative; ● signals for the [6,6]-derivative; asterisks:
impurities.

As already mentioned, typical cyclopropane additions of Sc3N@Ih-C80 require a large
(sometimes 100-fold)[101] excesses of the carbene reagent and afford the [6,6]-adducts exclusively.
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In the present study, when the reaction was conducted in o-DCB (100 ºC, in the dark, 2 h: Route
B) only one equivalent of 1 was required for the formation of the products in reasonable yield. The
products were obtained in similar ratios compared with the photochemical reaction results to those
found for the photochemical reaction, with the exception of 2a and 3a, in which case the ratio
increased from 1:8 to 1:6 (Figure 5.3a,b). The substituent group at the para position of the aryl
group clearly influences the reactivity of the carbene and therefore affects the yield of 2. When the
substituent was electron-withdrawing (R = Br), less of product 2 was formed than with an electrondonating substituent (R = OC6H13). The new [5,6]-modified compounds exhibit very high stability,
even upon heating for long periods (reflux o-DCB, 16 h) or irradiation (λ = 350 nm, o-DCB, 6 h).
No evidence of isomerization was observed.
5.2.2 Crystallographic Results

Figure 5.4 a) A view of the asymmetric unit of 3c. The hydrogen atoms, and the minor
components of Ih-C80 is omitted for clarity. Displacement parameters are shown at
the 35% probability level; b) a view from inside the Ih cage of 3c in the vicinity of
the open [6,6]-junction, the bridging atom C81, as well as the differing conformations
of the two (p-C6H13O)2DPM arms.
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Single crystals of 3c were grown from a solution of CS2/hexanes by slow diffusion. The
asymmetric unit contains one molecule of the open [6,6]-(p-C6H13O)2DPM adduct of Sc3N@IhC80 (3c) and 0.5 molecules of CS2 (see Figure 5.4a). The Sc3N group is positioned such that one
Sc (Sc1) is nestled close to the extra interior space created by adduct formation (the distance from
the centroid of C1...C9 to Sc1 is 2.220 Å). If the minor Sc4 disorder is neglecting, the trimetallic
nitride group is planar, with the sum of the Sc-N-Sc angles equal to 359.8°. The atoms at the open
[6,6]-junction, C1 and C9, are highly pyramidalized, and the addition of the central methano
carbon atom (C81) results in a stretch from a typical [6,6]-distance of 1.42 Å to 2.12(3) Å between
C1 and C9 (Figure 5.4b). In the crystal structure, a second molecule, generated by the c glide, is
embraced by the phenyl “arms” of the first molecule through - and van der Waals interactions
(see Figure 5.21).

Figure 5.5 a) A view of the asymmetric unit of 2c. The disorder in the C80 orientation is omitted
for clarity. Displacement parameters are shown at the 35% probability level; b) a
view from inside the Ih cage of 2c in the vicinity of the open [5,6]-junction. The DPM
adduct spans C1···C2 at a distance of 2.23(4) Å. Another orientation is present, but
the two atoms C1 and C2 belong to both parts of the molecule. The expected [5,6]distance in Ih-C80 is approximately 1.45 Å.
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Single crystals of 2c were grown from a solution of CS2/CDCl3/hexanes by slow diffusion.
The asymmetric unit contains one molecule of the open [5,6]-(p-C6H13O)2DPM adduct of
Sc3N@Ih-C80 (Figure 5.5a). Data collection and structure solution were conducted as for [6,6]-(pC6H13O)2DPM-Sc3N@Ih-C80•0.5(CS2) (3c; see Supporting Information). The poor agreement
factors for this structure are probably the result of several factors: the small crystal size, loss of
solvent CS2 or disorder of CS2, 50:50 disorder in the fullerene orientation, and disorder in the alkyl
chains. Surprisingly, the structure itself is clear, and we feel that the result is valid. The questions
to be answered were 1) whether or not the modification had occurred at a [5,6]-junction, at which
a pentagon and a hexagon are joined, and 2) whether the [5,6]-bond was open or closed. The
location of the modification at a [5,6]-junction was apparent from an early stage of the crystalstructure solution, and the methano bridge spans a distance of 2.23(4) Å; thus, the structure is
"open". The structure resembles that of the [6,6]-isomer in general. The Sc3N unit is planar and
one of the three Sc atoms is close to the opening in the cage. The distance from the centroid of
C1...C2 to Sc1 is 2.223 Å. The DPM “arms” embrace a neighboring C80 cage in a similar manner
to that exhibited by the [6,6]-isomer (3c). A distinct void space is present where a solvent CS2
molecule would be expected but was not located. As was true for the [6,6]-isomer, there are two
rotational orientations for the C80, but their occupancy is close to 50:50 in the case of the [5,6]isomer.
5.2.3 Electrochemical Properties of 2c and 3c
The redox potentials of 2c and 3c were measured by cyclic voltammetry (CV) and square
wave voltammetry (SWV) in o-DCB. The SWV results are summarized in Table 5.1. Previous
studies showed that [5,6]-adducts resulting from 1,3-dipolar cycloaddition reactions typically
exhibit reversible cathodic electrochemical behavior,[101] whereas [6,6]-adducts typically exhibit
irreversible behavior,[101,159,174] analogous to that observed for the unfunctionalized parent
compound. CV of compound 2c gave five irreversible reduction waves, and no oxidation processes
were observed (see Figure 5.19). The first, second, and third reduction peak potentials of the [5,6]67

methanofullerene derivative 2c were shifted anodically (by 70, 110, and 450 mV, respectively)
relative to those of Sc3N@Ih-C80. The CV spectrum of 2c also showed two new reduction processes
at -2.25 and -2.35 V. In contrast to 2c, the [6,6]-methanofullerene derivative 3c showed the same
number of reduction processes as the pristine compound, with electrochemical quasireversible
cathodic behavior. The first reduction was shifted cathodically (by 250 mV) relative to that of
Sc3N@Ih-C80, and the third reduction was shifted anodically (by 140 mV). Only one oxidation
process was shifted cathodically (by 70 mV) relative to that for the parent compound.
There is only one reported example of an endohedral fullerene in an OPV device: PCBHLu3N@Ih-C80 (phenyl-C81-butyric acid hexyl ester) which exhibited a photoconversion efficiency
of 4.2% with a very high open-circuit voltage (890 mV). The first reduction potential of PCBHLu3N@Ih-C80 is -1.51 V and the first oxidation potential is 0.56 V versus ferrocene.[112] Compound
3c has the same reduction-potential value as PCBH- Lu3N@Ih-C80 and a very similar oxidation
potential. Although it is difficult to predict whether 3c is a better acceptor than 2c on the basis of
the redox potentials alone, this comparison with PCBH- Lu3N@Ih-C80 suggests that 3c could
potentially be a promising acceptor in OPV devices.
Table 5.1

5.3

Redox Potentials of 2c, 3c and Sc3N@Ih-C80. Values obtained by SWV in volts
versus Fc/Fc+ couple.

Compound

Ε+/+2

Ε0/+

Ε0/-

Ε-1/-2

Ε-2/-3

Ε-3/-4

Ε-4/-5

2c

-

-

-1.19

-1.51

-1.92

-2.25

-2.35

3c

-

+0.52

-1.51

-1.61

-2.23

-

-

Sc3N@Ih-C80[165]

+1.09

+0.59

-1.26

-1.62

-2.37

-

-

CONCLUSION
In conclusion, we successfully prepared and characterized the first [5,6]-methano adduct

of Sc3N@Ih-C80 by using a diaryl diazo compound as a reagent. This reaction exhibits high yields
under relatively mild conditions, which is unusual for endohedral fullerenes. We also showed that
different substituent groups at the para position of the phenyl ring change the reactivity of the
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carbene formed and alter the ratio of [5,6]- and [6,6]-isomers obtained. The structures of
compounds 2c and 3c were confirmed by X-ray crystallography.
5.4

EXPERIMENTAL SECTION
The synthesis and purification of Sc3N@Ih-C80,[51,132] the experimental details, and the

characterization of the products are included in the Supporting Information, as well a diagram
showing the numbering scheme for Ih-C80 (Figure 5.21 and 5.22) and X-ray crystallographic files
for [6,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80•0.5 CS2 and [5,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80 in
CIF format.
X-ray crystallography and data collection: Black shards of approximately 1 μm thickness
of [5,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80 (2c) and [6,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80•0.5 CS2
(3c) were selected for data collection on a Bruker D8 diffractometer equipped with an ApexII CCD
detector at the Advanced Light Source, Berkeley, CA, beamline 11.3.1. Data was collected at 90(2)
K by the use of a cold stream of nitrogen provided by an Oxford Cryostream low-temperature
apparatus and silicon(111) monochromated synchrotron radiation (λ = 0.77490 Å). The data sets
were reduced by the use of Bruker SAINT software package,[175] and a multiscan absorption
correction was applied by the use of the program SADABS.[176] The structures were solved by
using the SHELXT software package[176] and refined by full-matrix least-squares on F2 (SHELXL2013).[176] There are two orientations for the C80 cage in both structures, and these orientations
were modeled by the use of rigid groups corresponding to well-determined structures of Ih-C80.
However, the refinement of carbon atoms in the region of the modification was allowed to proceed.
Relative occupancies for the two orientations were 0.50/0.50 (fixed) for the [5,6]-isomer and
0.691(4)/0.309(4) (refined) for the [6,6]-isomer. The encaged Sc3N moiety was ordered in the case
of the [5,6]-isomer and suffered minor disorder with a Sc2/Sc4 set at a 0.895(6):0.104(18) ratio in
the [6,6]-isomer. Crystal data 2c: C105H34NO2Sc3, Mr = 1476.21, monoclinic, P21/c, a = 11.153(8)
Å, b = 32.36(2) Å, c = 17.024(12) Å, β = 104.054(8)°, V = 5960(7) Å3, Z = 4, R1 [3740 reflections
with I > 2σ(I)] = 0.292, wR2 (all 4678 data) = 0.633, 319 parameters, 30 restraints. Crystal data
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3c: C105H34NO2Sc3•CS2, Mr = 1514.28, monoclinic, P21/c, a = 11.015(6) Å, b = 31.715(17) Å, c =
17.265(9) Å, β = 104.090(8)°, V = 5850(5) Å3, Z = 4, R1 [3646 reflections with I > 2σ(I)] = 0.149,
wR2 (all 7294 data) = 0.361, 571 parameters, 640 restraints.
5.5

SUPPORTING INFORMATION

5.5.1 Preparation and Purification of Sc3N@Ih-C80
The synthesis of metallic nitride (MN) EMFs was conducted in an arc-discharge reactor
using a “reactive gas atmosphere”, where ammonia was used as a reactive gas and graphite rods
packed with Sc2O3 and graphite powder.[51] This method yielded metal nitride EMFs primarily,
with less than 5% empty fullerenes. The resulting carbon soot was extracted with suitable organic
solvents (ethyl ether, acetone and carbon disulfide) to afford a mixture of empty cages (C60 and
C70) and endohedral metallofullerenes (Sc3N@C68, Sc3N@C78, and the isomeric mixture of Ih and
D5h Sc3N@C80). The pristine Sc3N@Ih-C80 was purified as described in Section 3, by selective
oxidation/reduction with [Fe(COCH3C5H4)Cp][TFAB] and CH3SNa respectively.[132]
5.5.2 Preparation of diaryldiazo compounds

Figure 5.6 MALDI-TOF of 4,4’-hexyloxybenzophenone hydrazone.
Compounds 1a and 1b were prepared from hydrazones of: 4,4’-dibromobenzophenone,
benzophenone, respectively following the reported literature.[177] The 4,4’-hexyloxybenzophenone
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was synthesized following the literature.[171] The 4,4’-hexyloxybenzophenone hydrazone was
synthesized following the same procedure than the ones above.[178] 1c was prepared from the 4,4’hexyloxybenzophenone hydrazone following the literature.[177]
1

H NMR of 4,4’-hexyloxybenzophenone hydrazone (600 MHz; CDCl3, 298 K): δ 7.39 (d,

2HAr, J = 8.48 Hz), 7.21 (d, 2HAr, J = 8.48 Hz), 7.03 (d, 2HAr, J = 8.48 Hz), 6.81 (d, 2HAr, J = 8.48
Hz), 5.32 (bs, 2H, NH2-N), 4.02 (t, 2H, O-CH2, J = 6.59 Hz), 3.95 (t, 2H, O-CH2, J = 6.59 Hz),
1.79 (bm, 6H, R-CH2-R), 1.47 (bm, 6H, R-CH2-R), 1.35 (bm, 10H, R-CH2-CH3) ppm.
5.5.3 Photochemical reaction of 1 with Sc3N@Ih-C80 (Route A)
A solution of Sc3N@Ih-C80 (1 equiv) and 1 (5 equiv) in anhydrous chlorobenzene or oDCB was degassed for 30 min and then irradiated (λ = 350 nm) for 10 min in an ice/water bath
(temperature reached 0 ºC) or dry ace/acetone bath (temperature reached: -40 ºC). Then, the
solvent was removed under vacuum and the crude was washed with MeOH. The crude of the
reaction was purified by silica gel column using CS2/Hexanes 7/3 to elute unreacted pristine and
CS2 to elute the desired products 2 ([5,6]-Sc3N@Ih-C80 derivatives) and 3 ([6,6]-Sc3N@Ih-C80
derivatives). The mixture of 2 and 3 was purified by recycling HPLC (Buckyclutcher column (ϕ =
25 cm x 10 mm) in toluene at room temperature; flow rate: 4 mL min-1; wavelength: 320 nm).
Photochemical reaction of 1b with Sc3N@Ih-C80: Following the general procedure of
photochemical reaction of 1 with Sc3N@Ih-C80 (Route A), a solution of Sc3N@Ih-C80 (1.34 mg,
1.21 x 10-3 mmol) and 1b (1.17 mg, 6.05x10-3 mmol) in anhydrous o-DCB (3 mL) was irradiated
for 10 min at 0 ºC. The further purification yielded 2b and 3b (40% yield, 70% based on unreacted
pristine).
Photochemical reaction of 1c with Sc3N@Ih-C80: Following the general procedure of
photochemical reaction of 1a-c with Sc3N@Ih-C80 (Route A), a solution of Sc3N@Ih-C80 (1.68 mg,
1.52 x 10-3 mmol) and 1c (3.5 mg, 8.84 x 10-3 mmol) in anhydrous chlorobenzene (3 mL) was
irradiated for 10 min in at -40 ºC. The further purification yielded 2c and 3c (40% yield, 75% based
on unreacted pristine).
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5.5.4 Thermal reaction of 1 with Sc3N@Ih-C80 (Route B)
A solution of Sc3N@Ih-C80 (1 equiv) and 1 (1 equiv) in o-DCB was heated at 100 ºC for 2
h under Argon. The crude of the reaction was purified following the same procedure used on Route
A.
Thermal reaction of 1a with Sc3N@Ih-C80: Following the general procedure of thermal
reaction of 1 with Sc3N@Ih-C80 (Route B), a solution of Sc3N@Ih-C80 (2.85 mg, 2.57 x 10-3 mmol),
1a (1.35 mg, 3.82 x 10-3 mmol) in 5 mL of o-DCB, was heated at 100 ºC for 1.5 h. The further
purification yielded 2a and 3a (40% yield, 72% based on unreacted pristine).
Thermal reaction of 1b with Sc3N@Ih-C80: Following the general procedure of thermal
reaction of 1 with Sc3N@Ih-C80 (Route B), a solution of Sc3N@Ih-C80 (2.72 mg, 2.57 x 10-3 mmol),
1b (0.48 mg, 2.47 x 10-3 mmol) in 4 mL of o-DCB, was heated at 100 ºC for 2 h. The further
purification yielded 2b and 3b (41% yield, 70% based on unreacted pristine).
Thermal reaction of 1c with Sc3N@Ih-C80: Following the general procedure of thermal
reaction of 1 with Sc3N@Ih-C80 (Route B), a solution of Sc3N@Ih-C80 (7 mg, 6.3 x 10-3 mmol) and
1c (2.4 mg, 6.3 x 10-3 mmol) in o-DCB (7 mL), was heated at 100 ºC for 2 h. The further
purification yielded 2c and 3c (48% yield, 70% based on unreacted pristine).
5.5.5 Characterization of DPMs-Sc3N@Ih-C80 (2 and 3)

Figure 5.7 HPLC profile of (p-Br)2DPM-Sc3N@Ih-C80 2a and 3a from photochemical reaction
on a Buckyclutcher column (10 ID x 250 mm); toluene (4 mL min-1) at room
temperature; λ = 320 nm.
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Figure 5.8 HPLC profile of (p-Br)2DPM-Sc3N@Ih-C80 2a and 3a from thermal reaction on a
Buckyclutcher column (10 ID x 250 mm); toluene (4 mL min-1) at room temperature;
λ = 320 nm.
1

H NMR of (p-Br)2DPM-Sc3N@Ih-C80 2a (600 MHz; CDCl3/CS2 (7/3), 298 K): δ 8.23 (d,

1H, J = 8.25 Hz), 7.71 (d, 1H, J = 8.25 Hz), 7.63 (d, 1H, J= 8.25 Hz), 7.49 (d, 1H, J = 8.25 Hz)
ppm. 1H NMR of (p-Br)2DPM-Sc3N@Ih-C80 3a (600 MHz; CDCl3/CS2 (7/3), 298 K): δ 8.00 (d,
2H, J = 8.25 Hz), 7.60 (d, 2H, J = 8.25 Hz) ppm.

Figure 5.9 MALDI-TOF of (p-Br)2DPM-Sc3N@Ih-C80 2a and 3a mixture.
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Figure 5.10 UV/Vvis spectra of compound 2a (red line), 3a (blue line) and pristine Sc3N@Ih-C80
(green line) in CS2.

Figure 5.11 HPLC profile of DPM-Sc3N@Ih-C80 2b and 3b mixture on a Buckyclutcher column
(10 ID x 250 mm); toluene (4 mL min-1) at room temperature; λ = 320 nm.
1

H NMR of DPM-Sc3N@Ih-C80 2b (600 MHz; CDCl3/CS2 (7/3), 298 K): δ 8.34 (d, 2H, J

= 7.56 Hz), 7.82 (d, 2H, J = 7.56 Hz), 7.70 (m, 2H), 7.53 (m 2H), 7.47 (t, 1H, J = 7.56 Hz), 7.34
(t, 1H, J = 7.56 Hz) ppm. 1H NMR of DPM-Sc3N@Ih-C80 3b (600 MHz; CDCl3/CS2 (7/3), 298 K):
δ 8.08 (d, 2H, J = 7.56 Hz), 7.42 (t, 2H, J = 7.56 Hz), 7.31 (t, 1H, J = 7.56 Hz) ppm.
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Figure 5.12 MALDI-TOF of DPM-Sc3N@Ih-C80 2b and 3b mixture. The deviations from the
calculated isotopic distribution is due to pronation of the sample.

Figure 5.13 UV/Vis spectra of compound 2b (red line), 3b (blue line) and pristine Sc3N@Ih-C80
(green line) in CS2.
1

H NMR (p-C6H13O)2DPM-Sc3N@Ih-C80 2c (600 MHz; CDCl3/CS2 (7/3), 298 K): δ 8.16

(d, 2HAr, J = 8.94 Hz), 7.65 (d, 2HAr, J = 8.94 Hz), 6.95 (d, 2HAr, J = 8.94 Hz), 6.82 (d, 2HAr, J =
8.94 Hz), 3.96 (t, 2H, OCH2, J = 6.19 Hz), 3.91 (t, 2H, OCH2, J = 6.19 Hz), 2.23 (m, 2H, R-CH2R), 1.82-1.72 (m, 4H, R-CH2-R), 1.54-1.20 (brs, 10H, R-CH2-R), 0.92 (m, 6H, R-CH3). 1H NMR
(p-C6H13O)2DPM-Sc3N@Ih-C80 3c (600 MHz; CDCl3/CS2 (7/3), 298 K): δ 7.91 (d, 2H, J = 8.94
Hz), 6.89 (d, 2H, J = 8.94 Hz), 3.96 (t, 2H, J = 6.19 Hz), 1.90 (m, 2H), 1.49 (m, 2H), 1.38 (m, 4H
), 0.95 (t, 3H, J = 6.87 Hz) ppm.
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Figure 5.14 HPLC profiles of (p-C6H13O)2DPM-Sc3N@Ih-C80 2c and 3c on several
semipreparative columns: a) Buckyprep column; b) Buckyprep-M column; c) 5PBB
column (10 ID x 250 mm); toluene (4 mL min-1) at room temperature; λ = 320 nm.
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Figure 5.15

13

C NMR of (p-C6H13O)2DPM-Sc3N@Ih-C80 3c (150 MHz; CDCl3/CS2 (7/3), 298 K):
δ 158.49, 153.05, 151.92, 150.80, 147.55, 146.69, 146.65, 146.41, 144.81, 144.74,
144.69, 144.38, 143.64, 143.58, 143.48, 143.02, 142.49, 142.46, 141.51, 141.44,
140.92, 140.82, 140.72, 140.04, 139.23, 139.21, 138.78, 138.73, 138.66, 137.52,
136.22, 135.35, 135.09, 134.73, 134.44, 134.17, 132.16, 128.58, 128.38, 127.52,
125.36, 124.16, 114.80, 68.00, 32.18, 31.83, 30.66, 29.64, 29.47 *(impurities,
grease): 29.98, 26.02, 23.05, 22.96, 14.39, 14.30 ppm.

Figure 5.16 HMQC NMR of (p-C6H13O)2DPM-Sc3N@Ih-C80 3c (600 MHz; CDCl3/CS2 (7/3),
298 K).
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Figure 5.17 MALDI-TOF of (p-C6H13O)2DPM-Sc3N@Ih-C80 2c and 3c mixture.

Figure 5.18 UV/Vis spectra of compound 2c (red line), 3c (blue line) and pristine Sc3N@Ih-C80
(green line) in toluene.
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Figure 5.19 Cyclic voltammogram of compound 2c (o-DCB containing 0.05 M n-Bu4NPF6; using
the redox couple Fc/Fc+ as internal reference).

Figure 5.20 Cyclic voltammogram of compound 3c (o-DCB containing 0.05 M n-Bu4NPF6; using
the redox couple Fc/Fc+ as internal reference).
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5.5.6 Crystal Structure Determination of (p-C6H13O)2DPM-Sc3N@Ih-C80 2c and 3c
Initial solution revealed an entire molecule of [6,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80 and an
occupationally disordered molecule of CS2. A second orientation of Sc3N@Ih-C80 was clearly
present, but at lower occupancy. From the difference map it was determined that the second
orientation was related to the first by exchange of the pentagon and hexagon adjoining the open
[6,6]-junction, amounting to a 180° rotation around the midpoint. The second orientation was
modelled by placement and refinement of a rigid group of 80 carbon atoms constructed from the
first orientation. The relative occupancies refined to 0.691(4):0.309(4). There is a minor (0.104(6))
fourth Sc position, named Sc4, that is apparently an alternative position for Sc2. However, an
alternative nitride position could not be located, and therefore the geometry of Sc1/Sc3/Sc4/N1 is
highly distorted from planarity.
In the final cycles of refinement, in order to reduce correlation effects and achieve
convergence, and due to the paucity of strong data, only Sc1, Sc2, and Sc3 were refined with
anisotropic thermal parameters. The carbons of the major cage were freely refined, but kept
isotropic. The minor cage was refined as a rigid group. A SIMU 0.008 command was applied to
smooth the displacement parameters of the minor cage.

Figure 5.21 a) A view of the intermolecular interactions in the structure of [6,6]-(pC6H13O)2DPM-Sc3N@Ih-C80•0.5(CS2). b) Diagram showing the numbering scheme
for Ih-C80 in [6,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80•0.5(CS2).
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Data collection and structure solution were carried out in the same manner as for [6,6]-(pC6H13O)2DPM-Sc3N@Ih-C80•0.5(CS2). The [5,6]-junction was apparent from the early stage of
solution, and the adduct spans a distance of 2.23(4) Å, thus "open." The second orientation of the
fullerene is a 180° pivot around the [5,6]-line, thereby exchanging a hexagon for a pentagon and
vice versa. The alkyl chains show disorder at their terminal atoms. However, a model involving
split positions did not succeed. The structure contains a solvent accessible void of 217 e-Å-3, and
this void contains ca. 0.5 CS2 in the similar structure of the [6,6]-isomer. No CS2 could be located
in this case. The C80 cages were refined as rigid groups in order to reduce the number of parameters
and achieve convergence. In the inital stages, the C atoms near the [5,6]-junction were allowed to
refine in order to set their geometry. The remainder of the geometry of Ih-C80 is known and was
imported as a group. A few of the C atoms in the two cages nearly overlap, and their displacement
parameters were restrained to be equal. Initially, the occupancies of the two fullerene residues were
allowed to refine, and these converged at 0.522(16)/0.478(16). Subsequently they were fixed at
0.50. Repeated attempts to grow better crystals were unsuccessful. Synchrotron radiation was
employed to obtain better intensities, but there was no significant scattering above a resolution of
0.90 Å.

Figure 5.22 a) A view of the asymmetric unit of [5,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80. The
disordered C80 orientation is omitted for clarity. Displacement parameters are
shown at the 35% probability level. b) Diagram showing the numbering scheme for
Ih-C80 in [5,6]-(p-C6H13O)2DPM-Sc3N@Ih-C80.
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Section 6: Unexpected Isomerism in cis-2 Bis-pyrrolidino [60]Fullerene
Diastereomers
Abstract: A one-step regio- and diastereo-selective synthesis of three new bis-pyrrolidine
[60]fullerenes is reported, one cis-1 and two unprecedented cis-2 diastereoisomers. The
compounds are easily purified using simple chromatographic techniques. The three compounds
were fully characterized by spectroscopic techniques and the two cis-2 [60]fullerene bis-adducts
were characterized by X-ray crystallography. A mechanism for the isomeric conversion observed
for these unique bis-adduct isomers is proposed. Experimental procedures and figures presented
here are a pre-peer reviewed version of the following article (See Appendix D for the copyright
letter): Izquierdo, M.; Cerón, M. R.; Alegret, N.; Metta-Magana, A. J.; Rodriguez-Fortea, A.;
Poblet, J. M.; Echegoyen, L. Angew. Chem. Int. Ed. 2013, 52, 12928.
6.1

INTRODUCTION
Fullerene functionalization has been studied extensively since these became available in

macroscopic quantities in 1990.[3,179,180] Because of its versatility, utility and ease of
implementation, the 1,3-dipolar cycloaddition reaction of azomethine ylides is probably the most
frequently used method for the synthesis of fullerene derivatives.[181-183] The asymmetric version
of this reaction has also been recently reported by Martín et al., giving rise to enantiomerically
pure fullerenes.[184]
Bis-functionalization of fullerenes is challenging because of the many isomeric products
that are typically obtained. Since C60 has 30 reactive double bonds, eight bis-adducts can be
obtained when the two addends are identical (cis-1, cis-2, cis-3, equatorial, trans-4, trans-3, trans2 and trans-1, Figure 1.4). Prato and co-workers found that when monoaldehydes are used as
reactants, the main bis-addition products are the trans-3 and the equatorial isomers,[185] although
others have reported that the cis-3 bis-adduct is the most abundant one.[186] Bis-adducts cis-1 and
cis-2 are hardly ever observed because of the steric congestion.[187]
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Controlled multifunctionalization of C60 is crucial to improve the yield of specific bisadduct isomers and to avoid tedious HPLC chromatographic separations.[37-40] One approach to
achieve controlled bis-functionalization is the tether-directed remote method[188-192] which was
introduced by Diederich and co-workers in 1994.[41,42] This method was used to conduct bis-1,3dipolar cycloadditions to C60 by D’Souza et al. [193] and Zhou et al.[194]
Examples of regioselective syntheses of bis-adducts with a cis-1 addition pattern were
reported by Martín et al., using an intramolecular Pauson–Khand reaction, thermal [2+2]
cycloaddition[195-197] and nucleophilic addition.[198-200] Also, selective tether-controlled tandem
additions of nitrile oxides and azomethine ylides that yield cis-1 bis-adducts were reported by Prato
et al.[201]
Here we report the one-step synthesis and characterization of three pure [60]fullerene bisadducts, including the X-ray crystal structure of two cis-2 bis-adducts (1 and 2) which are
individual meso forms. Although there are multiple reports of chirality for fullerene
derivatives,[184,202] the isomerism reported here is unprecedented. These meso bis-adducts, easily
isolable by silica gel chromatography, show a unique isomerization and the proposed mechanism
is supported by computational studies.
6.2

RESULTS AND DISCUSSION

6.2.1 Synthesis and Characterization of Bis-adducts 1, 2 and 3
Three pure bis-adducts, 1, 2 and 3, were prepared by the 1,3-dipolar cycloaddition of an
ylide resulting from o-phthalaldehyde (OPA) and N-ethylglycine, in the presence of C60 by using
the procedure reported by Prato et al.[181,203] To prevent the formation of monoadducts, an excess
of N-ethylglycine was added. The purification of the reaction crude by silica gel column
chromatography (CS2) gave rise, in order of elution, to unreacted C60, then three compounds
denoted 1, 2 and 3, and finally the polyadducts. The major product of the reaction was bis-adduct
2, which was isolated in 26% yield, followed by 1 and 3 in 9% and 8% yield, respectively.
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The compounds 1 and 2 were characterized by UV/Vis and NMR spectroscopy, mass
spectrometry and X-ray crystallography (see the Supporting Information). OPA has the formyl
groups in the ortho positions, therefore after the first 1,3-cycloaddition occurs, the most accessible
double bonds on C60 for a second cycloaddition are the cis-1 and cis-2. Three diastereomers could
in principle be formed for each regioisomer (cis-1 and cis-2) depending on the orientation of the
hydrogen atoms at the stereogenic centers, so a total of six isomers are possible (Figure 6.1).

Figure 6.1 Structures of the six possible bis-adducts that can be formed from the 1,3-dipolar
cycloaddition to C60 of the ylide resulting from OPA and N-ethylglycine. If the
hydrogen atoms in the stereogenic centers are pointing away from the direction of A
and A’ they are “exo” and if they are in the direction towards A and A’ they are
“endo”.
The compounds 1 and 2 have almost identical UV/Vis spectra, and these indicate that they
are cis-2 isomers (see Figure 6.8). These assignments are based on the unique UV/Vis absorption
patterns for each [60]fullerene bis-adducts in the λ = 400 to 750 nm region, reported for the first
time by Hirsch et al.[185,187] After the first cycloaddition, the cis-1 bond should be more reactive
84

than the cis-2 for the second addition, however the former leads to a more sterically strained
compound, and is thus disfavored.[81, 204]

Figure 6.2 a) representation of 1 and 2 without stereochemical information. 1H NMR (600
MHz, CDCl3, 298 K) of b) 1 and c) 2.
The 1H NMR spectra of 1 and 2 showed half of the possible number of signals, thus
evidencing the presence of a plane of symmetry for both compounds.[205] The most pronounced
difference between 1 and 2 corresponds to the protons of the methylene groups of the pyrrolidine
ring, the signals for which appear as two doublets centered at δ = 4.65 and 4.55 ppm for 1 and at
δ = 4.81 and 3.81 ppm for 2 (Figure 6.2). The singlet for the CH proton of the pyrrolidine ring
appears at δ = 5.63 ppm for 1 and at δ = 4.73 ppm for 2 (shifted 0.92 ppm). The methylene signals
of the ethyl group are diasterotopic, thus showing two multiplets centered at δ = 3.63 and 3.53
ppm (Δδ = 0.1 ppm) for 1 and at δ = 3.63 and 2.53 ppm (Δδ = 1.1 ppm) for 2.
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Both 1 and 2 have a symmetry plane, and the presence of the two stereogenic centers
establishes that these are non-chiral and correspond to two diastereoisomers, each being in a
different meso form. It is not common to have two meso isomeric forms of one compound.[206] The
cis-2 compounds reported here have two stereogenic centers, thus suggesting, at most, four
configurational isomers: RR, SS, RS, and SR. In this case, RR and SS are the enantiomeric pair,
which is not observed because they are only possible if the molecule is not symmetric. Usually the
RS and SR are the same, thus a single meso compound is observed,[207] but in this case they are two
different and isolable meso forms (1 and 2). This peculiar result is due to the tridimensionality of
the molecule, and to the best of our knowledge, this phenomenon has never been reported for
fullerene compounds.
Surprisingly, these two diastereomeric bis-adducts having the same cis-2 addition pattern
also differ in electronic and redox properties (Table 6.1), polarity, and especially solubility
(solubility in CS2: 0.695 mg mL-1 for 1 and 11.26 mg mL-1 for 2). Stereochemical assignments
were possible by X-ray crystallography.
The compound 3 was characterized by spectroscopic techniques and mass spectrometry
(see Supporting Information). NMR and UV/Vis experiments on 3 were sufficient to establish its
structure. The UV/Vis spectrum of 3 is typical for a cis-1 addition pattern (Figure 6.8). The
compound 3 does not possess a symmetry plane as evidenced by the 1H and

13

C NMR spectra,

which exhibit unsymmetrical pyrrolidines (Figure 6.16, 6.17). Bis-addition at cis-1 positions leads
to an inherently symmetric pattern. However the 1H and 13C NMR spectra clearly show that the
molecule is unsymmetric. The lack of symmetry must arise from the relative orientation of the
hydrogen atoms in an opposite arrangement (exo,endo or endo,exo) at the stereogenic centers, thus
3 is a racemic mixture.
6.2.2 Crystallographic Results
Single crystals of 1 and 2 were grown from CS2/toluene. The bond distances and bond
angles are comparable to those of similar compounds in the literature.[42] Analysis of the crystal
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structures showed the configuration at the chiral centers (1 S,R and 2 R,S from left to right based
on the arbitrary orientations introduced in Figure 6.1). The restricted motion of the N-Et groups in
the crystal of compound 1 (Figure 6.3) reduces the symmetry in the solid state to the P21/c spatial
group. 2 has symmetric N-Et groups making it a meso compound with spatial group Pnnm. Both
compounds exhibit the same symmetry in solution due to the free rotation of the ethyl groups.
Changing the chirality of the two stereogenic centers results in the two possible diastereoisomers
(Figure 6.3).

Figure 6.3 Superposition of the crystal structures of 1 (blue) and 2 (yellow) showing the
difference in orientation of the phenylene group for both compounds and the lack of
symmetry for the N-Et groups in 1.
The crystal packing of 1 shows that each fullerene interacts with two other fullerenes
through C∙∙∙C interactions [3.315 and 3.367 Å] (Figure 6.16aS). In the case of 2, each fullerene
interacts with five other fullerenes through C···C interactions [3.208–3.385 Å] (Figure 6.22). A
particularly interesting motif is observed in the packing of 2, where two phenyl groups from
adjacent molecules show π∙∙∙π interactions [3.853 Å] (Figure 6.16bS). Based on the X-ray data it
is possible to assign the stereochemistry (summarized in Scheme 6.1) for the pure bis-adducts 1
and 2 (cis-2).
The compound 1 was heated at 180 ºC (o-dichlorobenzene reflux) for two days, and was
found to almost quantitatively convert into 2, some pristine C60 was also detected by TLC and
HPLC (Figure 6.15). These data suggest that retro-1,3-dipolar cycloadditions are involved in the
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interconversion processes, and such reactions have received considerable attention recently since
their discovery in 2006.[208-211] Once the retro cycloaddition occurs for one of the pyrrolidines, the
ylide can add again to any of three additional double bonds as well as the original one (reverse
reaction): two cis-1 bonds and another cis-2 bond. This hypothesis has been confirmed by
theoretical calculations. The only migration observed was that towards the other cis-2 bond to
obtain compound 2 exclusively (Figure 6.4). It is remarkable that shifting the attachment position
of one pyrrolidine from a cis-2 bond to the other very proximal cis-2 bond results in a totally
different compound with drastically different properties. The small amount of pure C60 observed
corresponds to the unlikely, but not impossible, bis-retro-1,3-dipolar cycloaddition occurring
almost simultaneously. Although the stereogenic carbons do not rotate during the isomerization
and thus retain their intrinsic stereochemistry, upon reattachment at the other cis-2 position the
absolute stereochemistry is inverted (from SR to RS, Figure 6.3). Another mechanistic possibility
was analyzed and found more unlikely based on their computed energy profiles (Figure 6.24).

Scheme 6.1

Synthesis of 1 (cis-2), 2 (cis-2) and 3 (cis-1).

Thermalization of 2 at 180 ºC does not lead to 1, but results in a small amount of pure C60,
so most of the compound remains unchanged. Heating 3 under the same conditions gave rise to
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C60 and some uncharacterized insoluble compounds. No isomerization to other compounds was
observed.

Figure 6.4 Isomerization of 1 into 2. One of the two pyrrolidines undergoes a retro-1,3-dipolarcycloaddition, migrates and reacts preferentially with the other available cis-2 bond
to obtain a totally different isolable compound. Two intermediates and three
transition states were identified for the transformation from 1 to 2. The highestenergy point in the profile, at 41 kcal mol-1 with respect to 1, is easily achieved at 180
ºC.
6.3

CONCLUSION
In conclusion, we successfully prepared, isolated and characterized three pure [60]fullerene

bis-adducts, from a double 1,3-dipolar cycloaddition, without using HPLC techniques. This
reaction exhibits regio- and diastereoselectivity towards cis-1 and cis-2 bis-adducts. The
compounds 1 and 2 are two independent meso forms confirmed by X-ray crystallography which
have never been isolated before. Although isomers 1 and 2 are very similar structurally, they
exhibit very different chemical, physical and electrochemical properties.
We also observed a unique isomerization of 1 to 2, which can be accounted for as a
consequence of a retro-cycloaddition of one pyrrolidine with subsequent migration and a
conformational change of the pyrrolidine-ylide intermediate.
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6.4

SUPPORTING INFORMATION

6.4.1 Preparation of bis-adducts 1-3
A mixture of 155 mg of C60 (0.21 mmol), 25 mg of OPA (0.18 mmol) and 153 mg of Nethylglycine (1.49 mmol) in 60 mL of toluene were refluxed for 1 day. After cooling to room
temperature, the solvent was removed in vacuum and the crude product was purified by silica gel
column using initially hexanes/CS2 6:4 as eluent (to separate the unreacted fullerene) and then,
CS2 to obtain compound 1 (9%yield), 2 (26%) and 3 (8% yield) in order of polarity.

Figure 6.5 MALDI-TOF spectrum of compound 1. The deviations from the calculated isotopic
distribution is due to pronation of the sample.

Figure 6.6 MALDI-TOF spectrum of compound 2.

Figure 6.7 MALDI-TOF spectrum of compound 3.
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Figure 6.8 UV/Vis spectra of compounds 1, 2 and 3 in toluene.

Figure 6.9

1

H NMR (600 MHz; CDCl3:CS2 (7/3), 298 K); Compound 1: δ 8.13 (m, 1HAr), 7.51
(m, 1HAr), 5.63 (s, 1H, N-CH), 4.65 (d, 1H, N-CH2-C60, J = 13.06 Hz), 4.55 (d, 1H,
N-CH2-C60, J = 13.06 Hz), 3.63 (m, 1H, N-CH2-CH3), 3.53 (m, 1H, N-CH2-CH3),
1.43 (m, 3H, CH3) ppm. *residual toluene.

Figure 6.10

13

C NMR (150 MHz; CDCl3:CS2 (7/3), 298 K); Compound 1: the resolution of the
spectrum was not satisfactory due to the low solubility of compound 1.
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Figure 6.11 COSY NMR (600 MHz; CDCl3:CS2 (7/3), 298 K); compound 1.

Figure 6.12 1H NMR (600 MHz; CDCl3:CS2 (7/3), 298 K); Compound 2: δ 7.82 (m, 1HAr), 7.39
(m, 1HAr), 4.80 (d, 1H, N-CH2-C60, J = 9.97 Hz), 4.73 (s, 1H, N-CH), 3.80 (d, 1H,
N- CH2-C60, J = 9.99 Hz), 3.62 (m, 1H, N-CH2-CH3), 2.53 (m, 1H, N-CH2-CH3),
1.52 (m, 3H, CH3) ppm.
92

Figure 6.13

C NMR (150 MHz; CDCl3:CS2 (7/3), 298 K); Compound 2: δ 158.54, 155.75,
150.11, 149.42, 148.91, 147.74, 147.65, 146.69, 146.44, 146.35, 146.27, 146.18,
145.94, 145.65, 145.55, 145.40, 145.20, 145.11, 144.42, 144.21, 143.88, 143.49,
141.96, 140.80, 138.71, 138.12, 133.87, 133.77, 127.92, 127.22, 122.88, 79.39,
68.76, 66.68, 63.07, 49.98, 14.33 ppm.
13

Figure 6.14 COSY NMR (600 MHz; CDCl3:CS2 (7/3), 298 K); compound 2.
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Figure 6.15 HPLC profile of compound 1 Buckyprep column (10 ID x 250 mm); toluene (2 mL
min-1) at room temperature; λ = 320 nm. a) original sample (t = 0); after heating at
180 ºC during b) 3.5 h; c) 8 h; d) 22 h; e) 35 h; f) 48 h. *Although the amount of C60
increased with the time (observed by TLC), it is not evidenced in the HPLC profile
due to solubility issues. Samples a-d were dissolved in a mixture of toluene:CS2 in a
ratio 1:1 to be injected due to the low solubility of isomer 1. Samples e-f were
injected in toluene because isomer 2 was soluble enough.

Figure 6.16 1H NMR (600 MHz; CDCl3:CS2 (7/3), 298 K); Compound 3: δ 7.56 (d, 1HAr, J =
7.50 Hz), 7.43 (t, 1HAr, J = 7.69 Hz), 7.40 (d, 1HAr, J = 7.45 Hz), 7.28 (m, 1HAr), 6.96
(s, 1H, N-CH), 4.95 (d, 1H, N-CH2-C60, J = 9.38 Hz), 4.78 (d, 1H, N- CH2-C60, J =
8.56 Hz), 4.57 (s, 1H, N-CH), 3.93 (d, 1H, N-CH2-C60, J = 9.40 Hz), 3.85 (m, 1H,
N-CH2-CH3), 3.84 (d, 1H, N- CH2-C60, J = 8.79 Hz) 3.18 (m, 1H, N-CH2-CH3), 2.71
(m, 1H, N-CH2-CH3), 2.64 (m, 1H, N-CH2-CH3), 1.50 (m, 3H, CH3, J = 7.25 Hz),
1.40 (m, 3H, CH3, J = 7.24 Hz) ppm.
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Figure 6.17

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); Compound 3: δ 154.79, 153.41,
151.16, 150.91, 149.93, 149.30, 149.11, 148.38, 148.26, 148.07, 147.98, 147.72,
147.45, 147.14, 146.92, 146.47, 146.39, 146.29, 145.99, 145.89, 145.62, 145.54,
145.48, 145.03, 144.97, 144.88, 144.84, 144.79, 144.55, 144.39, 144.21, 143.99,
143.84, 143.66, 143.64, 143.19, 143.03, 142.92, 142.84, 142.58, 142.49, 142.38,
142.13, 141.43, 140.65, 140.24, 138.85, 137.97, 134.12, 133.81, 133.76, 132.46,
132.26, 129.47, 126.70, 123.26, 86.18, 72.11, 72.04, 68.87, 68.81, 66.27, 65.70,
63.42, 48.84, 48.67, 14.36, 13.08 ppm.
13

Figure 6.18 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 3.
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Figure 6.19 Cyclic voltammogram of C60 and compounds 1, 2 and 3 (Dichloromethane containing
0.1 M n-Bu4NPF6; using the redox couple Fc/Fc+ as internal reference).
Table 6.1

Redox Potentials of C60 and compounds 1, 2 and 3. Values obtained by SWV in
volts versus Fc/Fc+ couple.
Compound

C60

1

2

3

E 0/-

-0.98

-1.22

-1.28

-1.22

E -/-2

-1.37

-1.57

-1.66

-1.61

E -2/-3

-1.82

-2.16

-2.20

-2.22

6.4.2 Crystal Structure Determination of Bis-adducts 1 and 2
SCXRD was obtained at 100 K on a APEX CCD Bruker diffractometer, the sample was
fixed on a fiber glass with paratone oil. The data refinement and solution of the structure was done
in the suite APEX2.[212]
Crystal Data 1: C75.5H20N2S3, Fw = 1051.11, Monoclinic P21/c, a = 16.77(4) Å, b = 10.12(2)
Å, c = 24.23(5) Å, β = 100.13(4)°, V = 4050(16) Å3, Z = 4, R1 = 0.1812 [1377 ref, I >2σ(I)], wR2
= 0.4186 [all 6904 data]. 349 parameters, 0 restraints.
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Crystal Data 2: C75H20N2S2, Fw = 1013.05, Orthorhombic Pnnm, a = 13.975(2) Å, b =
22.943(3) Å, c = 13.824(2) Å, V = 4432.2(12) Å3, Z = 4, R1 = 0.0590 [2506 ref, I >2σ(I)], wR2 =
0.1812 [all 4050 data]. 368 parameters, 0 restraints.

Figure 6.20 a) Crystal packing of compound 1. The short contacts are shown: H∙∙∙π [2.793 Å],
π∙∙∙π [3.315 and 3.367 Å]. The view is through the c axis with the b axis horizontal.
b) Parallel orientation of the phenylene groups in compound 2. CS2 is included to
show its interactions, but the neighboring fullerene units are not shown for clarity.

Figure 6.21 a) Environment around one of the CS2 molecules in compound 1. b) Short contacts
formed by a second CS2 molecule in the crystal structure of 1.
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Figure 6.22 Environment of each fullerene motif in the crystal packing of compound 2. The
fullerenes forming C∙∙∙C interactions are in red color, while the yellow ones
correspond to those interacting through H∙∙∙C contacts.
6.4.3 Computational Results
The calculations were performed by means of DFT methodology with the Gaussian-09
code[143] using the M06 functional[148] and the 6-311G** basis set. The TS were characterized by
computing the analytical vibrational frequencies, to have one imaginary frequency associated to
the reaction coordinate of the system. Solvent effects were also included by using the polarizable
continuum model (PCM)[149] to simulate the effects of ortho-dichlorobenzene.

Figure 6.23 Computed energy profile and optimized structures for the isomerization mechanism
of 1 to 2. Retro-cycloaddition of one pyrrolidine followed by migration and a
conformational change of the pyrrolidine-ylide intermediate.
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Figure 6.24 Schematic mechanism of the retrocycloaddition followed by flipping of the hydrogen
atoms (up) and associated energy profile for this mechanism (bottom). During the
retrocycloaddition process Int-1 is formed, and then it rearranges (orange circle) to
give the exo,endo or endo,exo cis-2 bis-adduct
(blue circle). Another
retrocycloaddition process from exo,endo or endo,exo cis-2 produces a new
pyrrolidine-ylide species that after rearrangement and cycloaddition yield Int-2
(green circle), which finally leads to compound 2. This mechanism requires to
overcome an energy barrier of about 6 kcal mol-1 higher with respect to the proposed
mechanism described in Figure 6.4 and Figure 6.23.

Figure 6.25 Ball-and-stick representation for the computed retro-1,3-dipolar-cycloaddition
intermediates. The bonds for cis-2 and cis-1 additions are represented in red and blue,
respectively. When the hydrogens of the stereogenic centers are in a endo,endo or
exo,exo arrangement (red balls), the favored addition site is the cis-2 bond
(compounds 1 and 2). When the hydrogens of the stereogenic centers are in a
exo,endo or endo,exo arrangement (blue balls) the favored addition site is the cis-1
bond (compound 3).
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Section7:

Tethered Bis-pyrrolidine Additions to C70: Some Unexpected
Regioisomers

Abstract: Four easily isolable bis-pyrrolidine-C70 regioisomers were synthesized and
characterized by spectroscopic techniques. The four [70]fullerene bis-adducts were
unambiguously assigned using spectroscopic techniques and X-ray crystallography, as the β-2-β,
α-2-α, α-1-β and α-1-α regioisomers.
7.1

INTRODUCTION
Fullerene derivatives have been extensively used as electron acceptor materials in Organic

Photovoltaic (OPV) solar cells.[43,213,214] Recently, a lot of effort has been devoted to find the best
performing fullerene-based compounds for OPV solar cells and to replace the widely used PC61BM
(phenyl-C61-butyric acid methyl ester).[43,215-219] As a result, it has been shown that [70]fullerene
bis-adducts exhibit better acceptor partly properties due to the higher absorption coefficient of C70
compared with that of C60, and the higher LUMO levels compared with those of monoadduct
analogues.[43,220,221] It was also demonstrated that the use of some regioisomerically pure bisadducts resulted in higher efficiencies compared with those of the corresponding isomeric
mixtures.[220,222-226] However, impractical and time-consuming techniques are usually required for
the purification of bis-adduct regioisomers.[185] Thus there is a need to develop selective reactions
that are able to efficiently produce pure fullerene bis-adduct regioisomers to avoid HPLC
separations. A pioneer in this field was Diederich et al., who introduced the tether-directed remote
multifunctionalization, consisting on the addition of two or more reactive centers linked by a tether
of a given length and rigidity.[41,227,228]
The chemical reactivity of higher fullerenes such as C70-D5h has not been fully investigated
mainly because of its lower symmetry compared with that of C60-Ih, which results in an increase
of the number of isomers observed. C70 possesses four inequivalent types of [6,6]-ring junctions
defined as α, β, γ and δ (Figure 7.1). The strain of these bonds typically determines the most
favored sites for additions. The α-bonds, which are the most strained and on the poles of the
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molecule, are the most reactive bonds, followed by the β- and then the γ-bonds. The δ-bonds, on
the equator, are the least reactive.

Figure 7.1 Four different reactive [6,6]-ring junctions of C70.[229]
The most common reactions applied on C70 are the [2+1], [3+2], [2+2] or Diels-Alder
cycloadditions, which give rise to the α-isomer as the major product.[202,229-231] The 1,3-dipolar
cycloaddition of azomethine ylides is the least regioselective reaction, where α, β and γ-isomers
are obtained in different ratios depending on the reaction conditions and the azomethine ylide
type.[230,232-236]
In section 4 we presented some regioselective tethered bis-1,3-dipolar cycloadditions on
C60 and the formation of two regioisomeric bis-adducts (cis-1 and cis-2) out of the 8 possible
isomers.[237] The number of statistical possible independent bis-adducts on C70 is 64 if both
addends are identical and additions occur exclusively on [6,6]-bonds. To the best of our
knowledge, there is no precedent of bis-pyrrolidine additions on C70 besides those obtained as
byproducts.[238] Due to the difference in symmetry and reactivity of C70 compared with C60, it is
not possible to predict if using the same tethered reagents will lead to similar regioisomers as
observed for C60.[237] Here we report four new bis-pyrrolidine C70 regioisomers synthesized in one
step and their full characterization including the X-ray crystal structure of three of them.
7.2

RESULTS AND DISCUSSION

7.2.1 Synthesis of Bis-pyrrolidines C70
Four bis-pyrrolidine C70 compounds (defined as 1 to 4) were synthesized following the
same procedure described previously by us but using C70 instead of C60 (Scheme 7.1).[237] The
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reaction crude was purified by silica gel column chromatography using CS2 as eluent to recover
the unreacted C70, and CS2:CHCl3 to elute compounds 1 (12% yield) and 2 (23% yield) in order
of polarity. By increasing the polarity of the solvents, minor fractions of two additional bis-adducts
3 (3% yield) and 4 (3% yield) and of some polyadducts were eluted.

Scheme 7.1

a) Previously reported bis-C60-pyrrolidine regioisomers;[237] b) Possible bispyrrolidine C70 site-isomers (site-isomer refers to the site where the additions are
placed). Bis-adduct regioisomers of C70 are named following a recently reported
nomenclature (Section 9).[32]

Based on the stereochemical information of the analogous reaction on C60,[237] the possible
regioisomers that could be obtained with C70 are shown in Scheme 7.1. To determine the number
of possible regioisomers on C70, several aspects were considered:
i.

The bis-1,3-dipole should cycloadd on the most reactive bonds, thus excluding possible
combinations such as γ-γ, γ-δ or δ-δ.
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ii.

The optimal length between the attached addends should be one or two bonds
(preferentially two bonds based on the observations with C60).

i.

The stereo-conformation of the hydrogens of both C2 carbons of the pyrrolidine rings can
be endo-endo, exo-exo, endo-exo or exo-endo and some of these would exist as
enantiomeric pairs (Figure 7.2).

Figure 7.2 Stereo-conformation of hydrogens on the C2 of the pyrrolidine ring.
Although the tether-controlled multifunctionalization method significantly decreases the
number of regioisomers, due to the reactivity difference of the [6,6]-bonds, the presence of two
chiral centers in the addend and the relatively low regioselectivity of the 1,3-dipolar cycloaddition
on C70, the number of possible isomers is considerably higher than for C60. For each site-isomer
(Scheme 7.1b) three stereo-conformations are possible, so a total of 18 possible isomers could be
observed.
7.2.2 Structural Characterization of 1 and 2
Compounds 1 and 2 were characterized by UV/vis and NMR spectroscopy, mass
spectrometry, and cyclic voltammetry (see Supporting Information). The matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectra confirmed the presence of the
molecular-ion peak for the bis-adduct products (m/z 1056.2120 and 1056.0857 for compounds 1
and 2, respectively).
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Figure 7.3

1

H NMR (600 MHz, 298K, CS2:CDCl3 7/3) spectrum of compound 1 (top) and
compound 2 (bottom).

The 1H NMR spectra of 1 and 2 exhibit only one set of signals, clearly establishing the
presence of a plane of symmetry (Figure 7.3). These additions must have occurred on the same
type of bond (α-α or β-β), because a combination of different types of bonds would result in
unsymmetric products (α-β, α-γ or β-γ). Furthermore, the hydrogens on the stereogenic centers (C2
of the pyrrolidine ring) need to be oriented in the same direction, thus the stereo-conformation is
either endo-endo or exo-exo. The two stereogenic centers in the molecule and the plane of
symmetry indicate that compounds 1 and 2 are non-chiral molecules and correspond to a meso
form. The 1H NMR spectra of 1 and 2 exhibit one singlet in the middle of the AB quartet due to
the pyrrolidine protons. Based on this pattern and by comparison to the previously reported 1H
NMR spectrum of compound B (Scheme 7.1a, cis-2 H endo- H endo),[237] we suggest that
compounds 1 and 2 exhibit the same endo-endo conformation.
UV/vis spectroscopy is a useful tool to assign fullerene isomers since unique absorption
patterns are observed for each derivative based on the addition sites and not on the nature of the
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addends. Unfortunately, there are only a few examples of well characterized [70]fullerene bisadducts that have been reported, so assignments based exclusively on the UV/vis absortion spectra
are not possible for the most part. Indeed, except for a very few examples, [32,239] the reported
[70]fullerene bis-adducts correspond to double additions on opposite poles of the C70
cage.[189,190,229,240-242]
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Figure 7.4 UV/vis spectra of compounds 1 and 2 compared with a reported spectrum for an α1-α bis-adduct.[32]
As discussed before, two bonds between the addition sites are more energetically favorable
than one, thus we can reduce the number of possible symmetric regioisomers to α-2-α or β-2-β. To
confirm that our hypothesis was correct, we compared the UV/vis spectra of compounds 1 and 2
with that for a recently reported α-1-α (Figure 7.4)[32] and by elimination we can conclude that
compounds 1 and 2 are the α-2-α and β-2-β regioisomers. Since compound 2 is the major product,
and since the α-2-α regioisomer should be preferred, 2 is assigned as the α-2-α isomer. Therefore,
compound 1 is assigned as the β-2-β regioisomer.
Fortunately, crystals of compound 1 were grown by slow evaporation in toluene and the
structure of 1 was unambiguously assigned to a β-2-β regioisomer by X-ray crystallography
(Figure 7.5), the hydrogens at the C2 of the pyrrolidine rings are in endo-endo orientations. This
result indicates that compound 2 likely corresponds to the α-2-α regioisomer.
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Scheme 7.2

Stereo-conformation of hydrogens on the C2 of the pyrrolidine ring.

Figure 7.5 Crystal structure of compound 1 (meso-β-2-β endo-endo). The apical pentagon of C70
in purple and the β-bonds in orange.
7.2.3 Structural Characterization of 3 and 4
A minor fraction of a mixture of [70]fullerene bis-adducts 3 and 4 (6% yield) was further
purified by recycling HPLC using a Buckyprep column and characterized by UV/vis, NMR
spectroscopy and mass spectrometry (see Supporting Information). The 1H NMR spectra of
compounds 3 and 4 exhibited no symmetry (see Supporting Information), thus assigning specific
regioisomeric structures is very difficult because there are many unsymmetric possibilities,
including the α-1-α, α-2-α or β-2-β regioisomers with endo-exo stereo-conformations at the C2
positions, or α-1-β, α-2-γ or β-1-γ regioisomers with any of the possible stereo-conformations of
the hydrogens. Compounds 3 and 4 showed similar UV/vis absorption spectra to that reported for
the α-1-β and α-1-α regioisomers respectively (see Supporting Information).[32]
Crystals of compound 3 were grown by slow diffusion of methanol into a carbon disulfide
solution. Solution of the structure unambiguously showed that compound 3 is the α-1-β
regioisomer (Figure 7.6), with the hydrogens at the C2 positions on the pyrrolidine ring in an endo106

exo orientation. Thus compound 3 is a chiral molecule that exists as a racemic mixture (RR and
SS), similar to what was observed for C60 (compound C, Scheme 7.1a).[237]

Figure 7.6 Crystal structure of compound 3 (α-1-β endo-exo). The apical pentagon in purple, the
β-bond in orange and the α-bond in red.
Crystals of compound 4 were grown by slow diffusion of methanol into a dichloromethane
solution and the refined structure of 4 was unambiguously assigned as the α-1-α regioisomer by
X-ray crystallography, with the hydrogens at the C2 of the pyrrolidine ring in an endo-exo
orientation (Figure 7.7). Thus compound 4 is a chiral molecule present as a racemic mixture (RR
and SS), similar to what was observed for compound 3 and compound C for C60 (Scheme 7.1a).[32]

Figure 7.7 Crystal structure of compound 4 (α-1-α endo-exo). The apical pentagon in purple
and the α-bonds in red.
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Interestingly, comparing the regioisomers obtained for the bis-1,3-dipolar cycloadditions
with those obtained for the bis-diazo[32] and bis-Bingel[242] cycloadditions on C70, we observed a
remarkable difference in the reactivity of the inequivalent [6,6]-junctions depending on the type
of cycloaddition reaction performed. For the case of the bis-diazo cycloaddition on C70, the α-1-α
regioisomer was the major product,[32] showing that the isomers observed for this type of reaction
are those formed from the addition at the more reactive α-bonds (kinetic control). Similar results
were observed for the bis-Bingel cycloaddition to C70, in which the length and rigidity of the bistether linker and the higher reactivity of the α-bonds directed the formation of a dumbbell-C70 as
the major product (kinetic control).
Although one should not make direct comparisons between three different reactions which
proceed through different mechanisms, the 1,3-dipolar, bis-diazo and bis-Bingel cycloadditions
preferentially attack the α- and β-bonds. This observation shows the remarkable difference in the
reactivity of α- and β-bonds compared with the γ- and δ-bonds, and provides the challenge of
looking for reactions able to afford the unexplored γ- and δ-isomers.
7.2.4 Electrochemical Studies of 1 and 2
Table 7.1

Redox Potentials of 1 and 2. Values obtained by square wave voltammetry (SWV)
in volts versus Fc/Fc+ couple.
Compound

E0/-

E-/-2

E-2/-3

C70

-0.98

-1.31

-1.75

1

-1.37

-1.72

-2.21

2

-1.38

-1.74

-2.16

The electrochemical properties of 1 and 2 were measured by cyclic voltammetry (CV) and
square wave voltammetry (SWV) on a glassy carbon minielectrode with o-dichlorobenzene (oDCB) as solvent and n-Bu4NPF6 as supporting electrolyte. The reduction potentials are shown in
Table 7.1. As expected, the reduction potentials of 1 and 2 are cathodically shifted with respect to
the values of pristine fullerene C70 by aproximately 400 mV.[243]
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7.3

CONCLUSIONS
We described the one step synthesis of four easily isolable bis-pyrrolidine C70 derivatives.

In addition, we unambiguously assigned all four [70]fullerene bis-adducts, as the α-2-α, β-2-β, α1-β and α-1-α regioisomers. These results substantially enrich the library of well characterized
[70]fullerene bis-adducts and also contribute to the understanding of the reactivity of the higher
fullerenes. Being these among the few examples of bis-adducts on C70 where both addends are on
the same hemispherical pole.
Based on our observations, we can propose that the 1,3-dipolar cycloaddition reaction on
C70 is primarily controlled by the optimal conformation adopted by the dipole, with two bonds
between the two pyrrolidines α-2-α and β-2-β, rather than controlled by the reactivity of the bonds
on the carbon cage, which would have led to the formation of the α-1-α regioisomer as one of the
main products.
7.4

SUPPORTING INFORMATION

7.4.1 Synthesis of bis-pyrrolidino [70]fullerene
A mixture of 50.00 mg of C70 (0.059 mmol, 1 equiv), 7.98 mg of OPA (0.059 mmol, 1
equiv) and 49.08 mg of N-Ethylglycine (0.476 mmol, 8 equiv) in 40 mL of toluene were refluxed
for 1 day. After cooling to room temperature, the solvent was removed in vacuum and the crude
product was purified by silica gel column using initially CS2 as eluent (to separate the unreacted
fullerene), then CS2:CHCl3 9:1 to obtain compound 1 (12%), followed by CS2:CHCl3 7/3 to obtain
compound 2 (23%) and a mixture of compounds 3 and 4 (6%) in order of polarity.
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Figure 7.8 MALDI-TOF spectrum of compound 1 using 1,1,4,4-tetraphenyl-1,3-butadiene
(TPB) as matrix.

Figure 7.9 MALDI-TOF spectrum of compound 2 using TPB as matrix.

Figure 7.10 MALDI-TOF spectrum of compound 3 using 1,8,9-trihydroxyanthracene (THA) as
matrix.
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Figure 7.11 MALDI-TOF spectrum of compound 4 using THA as matrix.

Figure 7.12 UV/Vis spectra of compounds 1, 2, 3 and 4 in toluene.
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Figure 7.13 UV/Vis spectra comparison of compounds 3, 4, bis-adduct-4 and bis-adduct-5 in
toluene (see Section 9 for structures).[32]
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Figure 7.14 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 1: δ 7.35 (dd, 1HAr, J =
3.61, 5.64), 7.07 (dd, 1HAr, J = 3.49, 5.77), 4.60 (d, 1H, J = 10.19), 4.21 (s, 1H), 3.68
(d, 1H, J = 10.22), 3.37 (m, 1H, N-CH2-CH3, J = 7.56, 12.48), 2.35 (m, 1H, N-CH2CH3, J = 6.91, 13.87), 1.39 (t, 1H, N-CH2-CH3, J = 7.24) ppm.

Figure 7.15 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 1.
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Figure 7.16

13

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); compound 1: δ 14.19, 49.77, 58.91,
59.65, 65.55, 79.25, 120.94, 126.51, 127.36, 127.38, 137.34, 138.56, 140.58, 143.27,
143.96, 145.00, 146.65, 148.54, 149.70, 149.78, 150.70, 150.89, 156.80, 158.03 ppm.

Figure 7.17 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 2: δ 7.89 (dd, 1HAr, J =
3.71, 5.47), 7.54 (dd, 1HAr, J = 3.44, 5.67), 4.74 (d, 1H, J = 9.92), 4.10 (s, 1H), 3.60
(m, 1H, N-CH2-CH3, J = 7.38, 14.90), 3.40 (d, 1H, J = 9.85), 2.38 (m, 1H, N-CH2CH3, J = 6.96, 13.90), 1.53 (t, 1H, N-CH2-CH3, J = 7.22) ppm.
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Figure 7.18 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 2.

Figure 7.19

13

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); compound 2: δ 14.36, 49.77, 59.49,
61.66, 64.57, 80.95, 127.31, 128.12, 132.62, 133.22, 134.22, 135.00, 135.52, 138.63,
138.79, 139.98, 141.76, 142.02, 142.25, 144.01, 144.93, 146.21, 148.38, 148.40,
148.67, 148.90, 149.58, 149.67, 150.05, 150.09, 151.12, 152.32, 158.73, 159.07 ppm.
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Figure 7.20 Cyclic voltammograms of compounds 1 and 2 (o-DCB containing 0.05 M nBu4NPF6; using the redox couple Fc/Fc+ as internal reference).

Figure 7.21 HPLC profile of compounds 1 and 2 (Conditions: 5-PBB column (4.6 ID x 250 mm);
toluene (1.2 mL min-1) at room temperature; λ = 320 nm). After heating at o-DCB
reflux a) 0 h; b) 1 h; c) 2 h; d) 5 h; e) 7 h.
115

Figure 7.22 Recycling HPLC of the mixture of compounds 3 and 4 (Conditions: Buckyprep
column (10 ID x 250 mm); toluene (4 mL min-1) at room temperature; λ = 320 nm).

Figure 7.23 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 3: δ 7.48 (d, 1HAr, J =
7.51), 7.34 (t, 1HAr, J = 7.43), 7.10 (t, 1HAr, J = 7.53), 7.00 (d, 1HAr, J = 7.49), 5.92
(s, 1H), 4.82 (d, 1H, J = 8.37), 4.25 (d, 1H, J = 9.89), 3.72 (m, 1H, N-CH2-CH3), 3.72
(s, 1H), 3.28 (d, 1H, J = 8.37), 3.13 (d, 1H, J = 9.83), 2.80 (m, 1H, N-CH2-CH3), 2.45
(m, 1H, N-CH2-CH3), 2.22 (m, 1H, N-CH2-CH3), 1.50 (t, 1H, N-CH2-CH3, J = 7.19),
1.12 (t, 1H, N-CH2-CH3, J = 7.18) ppm.
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Figure 7.24 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 3.

Figure 7.25 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 4: δ 7.64 (d, 1HAr, J =
7.39), 7.58 (t, 1HAr, J = 7.48), 7.55 (t, 1HAr, J = 7.34), 7.44 (d, 1HAr, J = 7.02), 5.71
(s, 1H), 4.28 (d, 1H, J = 8.54), 4.21 (s, 1H), 4.14 (d, 1H, J = 9.29), 3.70 (m, 1H, NCH2-CH3), 3.35 (d, 1H, J = 9.27), 2.95 (d, 1H, J = 8.53), 2.95 (m, 1H, N-CH2-CH3),
2.38 (m, 1H, N-CH2-CH3), 1.36 (t, 1H, N-CH2-CH3, J = 7.16), 1.14 (t, 1H, N-CH2CH3, J = 7.24) ppm.
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Figure 7.26 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 4.
7.4.2 Crystallographic Data
Crystal data for bis-pyrrolidines-C70 β-2-β (1). C91H28N2 M = 1149.15, black block, 1.155
× 0.554 × 0.172mm, λ = 0.71073 Å (Bruker ApexII), monoclinic, space group P21/m (no. 11), a =
13.1366(13), b = 13.4026(14), c = 14.5370(15) Å, β = 109.5768(14) °, T = 90(2) K, V = 2411.5(4)
Å3, Z = 2, 38827 reflections measured, 7640 unique (Rint = 0.0187) which were used in all
calculations, 2θmax = 61.958°; min/max transmission = 0.7012 / 0.7462 (multi-scan absorption
correction applied); direct and Patterson methods solution; full-matrix least squares based on F2
(SHELXT and SHELXL-2014); The final wR(F2) was 0.1478 (all data), conventional R1 = 0.0540
computed for 6863 reflections with I > 2σ(I) using 438 parameters with no restraints.
Crystal data for bis-pyrrolidines-C70 α-1-β (3). C85H20N2S2, M = 1114.12, black block,
0.313 × 0.188 × 0.074 mm, λ = 1.54178 Å (Bruker ApexDuo), orthorhombic, space group Pbca
(no. 61), a = 19.4120(6), b = 18.0214(5), c = 26.1217(7) Å, T = 90(2) K, V = 9138.2(5) Å3, Z = 8,
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37918 reflections measured, 7505 unique (Rint = 0.0516) which were used in all calculations, 2θmax
= 136.24°; min/max transmission = 0.6234/0.7531 (multi-scan absorption correction applied);
direct and Patterson methods solution; full-matrix least squares based on F2 (SHELXT and
SHELXL-2014); The final wR(F2) was 0.2703 (all data), conventional R1 = 0.0899 computed for
5399 reflections with I > 2σ(I) using 804 parameters with no restraints.
Crystal data for bis-pyrrolidines-C70 α-1-α (4). C85H22N2ClO, M = 1103.40, black block,
0.308 × 0.278 × 0.072 mm, λ = 1.54178 Å (Bruker ApexDuo), orthorhombic, space group Pbca
(no. 61), a = 18.9405(9), b = 17.5667(8), c = 27.2806(14) Å, T = 90(2) K, V = 9076.9(8) Å3, Z =
8, 49150 reflections measured, 8022 unique (Rint = 0.0612) which were used in all calculations,
2θmax = 144.3°; min/max transmission = 0.5889/ 0.7537 (multi-scan absorption correction applied);
direct and Patterson methods solution; full-matrix least squares based on F2 (SHELXT and
SHELXL-2014); The final wR(F2) was 0.3353 (all data), conventional R1 = 0.1187 computed for
6110 reflections with I > 2σ(I) using 808 parameters with 3 restraints.
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Section 8: Tether-Directed Bis-functionalization Reactions of C60 and C70
Abstract: Four easily isolable regio- and stereoselective bis-adducts of C60 and C70, as well
as a new C70-dumbbell derivative, have been synthesized by using two different bis-malonate
tethered moieties. The derivatives that possess relatively long-tethered moieties show highly
symmetric addition patterns, as evidenced by spectroscopic measurements, whereas the derivatives
possessing the shorter-tethered moiety exhibited interesting addition patterns on C60 and C70.
Experimental procedures and figures presented here are a pre-peer reviewed version of the
following article (See Appendix E for the copyright letter): Cerón, M. R.; Izquierdo, M.; Pi, Y.;
Atehortúa, S. L.; Echegoyen, L. Chem. Eur. J. 2015, 21, 7881.
8.1

INTRODUCTION
Solar energy is a promising renewable resource alternative, and organic photovoltaic

(OPV) solar cells are a promising technology for energy conversion since they can be prepared at
relatively low cost.[25,43] Bulk heterojunction (BHJ) solar cells are the most studied OPV devices
exhibiting relatively high power conversion efficiencies (PCEs).[244,245] The application of
fullerene bis-adducts in BHJ solar cells is developing rapidly, mainly because of their higher
LUMO levels compared with those of the monoadducts; the cathodically shifted reduction
potentials of the bis-adducts (LUMO level) increase the open-circuit voltage (Voc) of the solar cells,
thus leading to higher PCEs.[246-251] Solar cells fabricated with isomeric mixtures of fullerene bisadducts, such as indene-C60 and indene-C70 bis-adducts (IC61BA and IC71BA), show PCEs up to
10.6%.[244] Currently, not all isomerically pure bis-indene derivatives have been tested in solar
cells with different donors. The only few reported cases of regioisomerically pure bis-adducts
clearly demonstrated that for both C60 and C70 bis-indene isomers, some regioisomers perform
better than the isomeric mixture (6.3% for the trans-3 IC61BA and 5.9% for the 2 o’clock IC71BA,
compared with 5.3 and 4.7% for the respective isomeric mixtures).[220,224] This justifies the need
for pure fullerene bis-regioisomers.
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Fullerene bis-functionalization typically leads to a large number of isomers. Bisderivatization of C60 can result in eight possible isomers (Figure 1.4) and in the case of C70, 38 is
the number of possible isomers, with identical addends attached exclusively to [6,6]bonds.[192,202,229,252,253] Diederich et al. reported tether-directed remote multifunctionalization as a
method that restricts the location of addition sites by selecting the length and rigidity of a tether
moiety connecting the reacting centers, thus increasing the yield of a few bis-adduct
isomers.[41,42,240,254,255] There is a large number of examples of bis-derivatives of C60 using either
two independent additions or a bis-tether addend, and the most common bis-addition isomers for
C60 are the equatorial followed by the trans-3 isomer.[ 85e, 92, 106, 256,257] In particular, the trans-3,
trans-2, and cis-3 isomers are inherently chiral as a consequence of their C2-symmetry.[258,259,
227,260,261]

Of the three chiral bis-regioisomers of C60 the most common one is the cis-3 regioisomer,

and the trans-2 regioisomer is the least reported one. During the tether-directed preparation of the
trans-2 isomer, the trans-1 and equatorial isomers are also formed.[258,260-262]
The necessity to synthesize isomerically pure bis-adducts for potential applications in OPV
solar cells has led to a renaissance of the tether-directed multifunctionalization method. In this
work, we have focused on the development of a new tethered bis-Bingel reagent[263] to synthesize
three easily isolable regio- and stereoselective bis-adducts of C60 and C70 (1-3) and a new C70dumbbell derivative (5).[264] Herein, we present the complete characterization of the derivatives by
using spectroscopic and electrochemical measurements as well as computational studies.
8.2

RESULTS AND DISCUSSION

8.2.1 Bis-fuctionalization of C70 and C60 with 4,4’-diethyl malonate-benzophenone
Bis-adducts 1 and 2 were synthesized by addition of a stable bis-α-halocarbanion resulting
from an in situ base deprotonation of 4,4'-diethyl malonate-benzophenone (diphenyl ketone, DPK)
in the presence of tetrabromomethane, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and C70
(Scheme 8.1a and the Supporting Information). The crude mixture was purified by column
chromatography on silica gel using carbon disulfide and chloroform to elute the unreacted pristine
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fullerene, followed by isomer 1 (DPK-C70-1) in 42% yield, isomer 2 (DPK-C70-2) in 29% yield,
and finally a small fraction of monoadduct.

Scheme 8.1

One-step synthesis of a) bis-Bingel bis-adducts of [70]fullerene; b) bis-Bingel
bis-adduct of [60]fullerene.

Compounds 1 and 2 were characterized by UV/Vis spectrophotometry, NMR
spectroscopy, mass spectrometry, and cyclic voltammetry. Compounds 1 and 2 showed molecular
peaks at 1278.0887 and 1278.0343 m/z, respectively, corresponding to bis-adduct regioisomers
(Figures 8.3 and 8.4 in the Supporting Information), by using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Because of the length
of the DPK addend, after the first cycloaddition takes place the most accessible and reactive bonds
for a second cycloaddition on C70 are on the opposite pole of the cage (α bonds); therefore, a total
of three isomers are possible; the 12 o’clock, 2 o’clock, and 5 o’clock (Scheme 8.1).[13]
The 1H NMR spectrum of DPK-C70-1 showed half of the possible number of signals, with
two doublets in the aromatic region evidencing the presence of a plane of symmetry (Figure 8.1a)
and implying a 12 o’clock addition with Cs-symmetry due to the rigidity of the addend. This
constitutional isomer was confirmed by comparison with the UV/Vis absorption spectra of
previously reported 12 o’clock bis-adducts (Figure 8.6 in the Supporting Information).[13] Different
diastereoisomers can also be obtained (in-in, in-out, and out-out).[14] Diastereoisomers in-in or out122

out for DPK-C70-1 would explain the observed Cs-symmetry in the 1H NMR spectrum, whereas
the in-out configuration would introduce C1-symmetry. DFT calculations showed that the out-out
configuration has a lower energy than the in-in configuration (Figure 8.26 in the Supporting
Information). We thus assign DPK-C70-1 to a 12 o’clock regioisomer with the EtO2C- groups in
an out-out orientation. The 13C NMR spectrum of DPK-C70-1 showed 33 signals for the sp2 carbon
atoms and the bridgehead and bridge carbon atoms appeared at δ = 62.93 and 62.98 ppm,
corresponding to typical Bingel adducts (Figure 8.8 in the Supporting Information),[9] in agreement
with the Cs-symmetry observed by 1H NMR spectroscopy.

Figure 8.1

1

H NMR spectra (600 MHz, CDCl3, 298 K) of a) DPK-C70-1; b) DPK-C70-2
(*residual toluene and water); c) DPK-C60-3.

In contrast, the 1H NMR spectrum of DPK-C70-2 exhibits no symmetry (Figure 8.1b), thus
indicating one of two possible isomeric structures, the 2 o’clock or the 5 o’clock. The 13C NMR
spectrum showed a total of 60 signals, which account for the 66 sp2 carbon atoms of the cage (three
double-intensity signals correspond to six carbon atoms with accidental overlap). The remaining
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four carbon atoms of the C70 cage, bridgehead, and bridge carbon atoms resonated between δ = 75
and 64 ppm (Figure 8.11 in the Supporting Information). Unfortunately, all attempts to grow single
crystals for structural assignment of DPK-C70-2 were unsuccessful, but the UV/Vis absorption
spectrum of DPK-C70-2 was very similar to that of 2 o’clock bis-adducts reported in the
literature.[13] In this case, all diastereoisomers would exhibit C1-symmetry; therefore, DFT
calculations[15] using the B3LYP functional and the 3-21G basis set[16] were used to assign the
addition pattern of DPK-C70-2 as the 2 o’clock regioisomer with the EtO2C- groups in an out-out
orientation (Figures 8.26 and 8.27 in the Supporting Information). These theoretical studies were
in agreement with the relative yield of the symmetric and unsymmetric isomers.
When the bis-addition reaction was performed using C60 instead of C70, only one isomer
was obtained (Scheme 8.1b and the Supporting Information). Compound 3 (DPK-C60-3) with a
molecular mass of 1158.0723 m/z (Figure 8.5 in the Supporting Information) has an essentially
identical UV/Vis absorption spectrum to that reported for a trans-2 bis-regioisomer (Figures 8.6
and 8.29 in the Supporting Information). Thus, the assignment to a trans-2 addition pattern was
based on the unique UV/Vis absorption patterns of each C60 bis-adduct.[17] The 1H NMR spectrum
of DPK-C60-3 showed a similar number and displacement of the signals to those observed for
DPK-C70-1 (Figure 8.1c). In this case the number of signals observed results from the C2-symmetry
of the trans-2 isomer with the ethoxycarbonyl groups in an out-out orientation (Figures 8.28 and
8.29 in the Supporting Information), which renders the protons of the para-substituted aromatic
systems equivalent.[18] Of the few reported examples of a trans-2 addition pattern on C60,[9] this is
the only example for which a trans-2 regioisomer was the only product obtained.
8.2.2 Bis-fuctionalization of C70 and C60 with 1,3-phenylenedimethyl-diethyl malonate
(PDM)
Bis-adduct 4 (PDM-C60-4) was synthesized and purified in 34% yield, by following the
same procedure as that described by Nierengarten et al. (Scheme 8.2).[6e, 14a] The purity of PDMC60-4 was checked by UV/Vis spectrophotometry, 1H NMR spectroscopy, and mass spectrometry
(Figures 8.17, 8.19, and 8.20 in the Supporting Information).
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Scheme 8.2

One-step synthesis of a) bis-Bingel bis-adduct [60]fullerene; b) bis-Bingel
dumbbell [70]fullerene.

Surprisingly, the use of C70 instead of C60 with this reagent did not lead to bis-adducts but
to dumbbell-C70-5 as the major product (Scheme 8.2) in 54% yield and a small fraction of some
bis-adducts (2% yield) and a monoadduct (9% yield). All attempts to obtain bis-adducts as major
products with C70 were unsuccessful. Dumbbell-C70-5 was characterized by UV/Vis
spectrophotometry, NMR spectroscopy, mass spectrometry, and cyclic voltammetry.
Based on the observed exclusive formation of the cis-2 regioisomer on C60 and assuming
that the first addition of PDM on C70 occurs on an α-bond, the length and rigidity of the bis-tether
linker would be expected to direct the second addition to a γ-bond on C70. However, due to the
lower reactivity of the γ-bond on the flatter equatorial region, before reacting at that position it
prefers to react with the α-bond of another C70 molecule.[8] The 1H NMR spectrum of dumbbellC70-5 showed the presence of a plane of symmetry with half of the possible number of signals
(Figure 8.2b). MALDI-TOF MS and

13

C NMR spectroscopy confirmed the dumbbell structural

assignment, with a molecular mass of 2042.1226 m/z (Figure 8.22 in the Supporting Information)
and 63 signals for the sp2 carbon atoms of the cage (five double-intensity peaks correspond to ten
carbon atoms exhibiting coincidental overlap). The bridgehead and bridge carbon atoms appeared
at δ = 66.09 and 65.41 ppm, respectively, corresponding to a typical Bingel addition on C70 (Figure
8.20 in the Supporting Information).
125

1

Figure 8.2

H NMR spectra (600 MHz, CDCl3, 298 K) of a) PDM-C60-4; b) dumbbell-C70-5.

8.2.3 Electrochemical Properties
Table 8.1

Redox Potentials of C60 and C70 bis-derivatives. Values obtained by CV in volts
versus Fc/Fc+ couple.
DPK-C70-1

DPK-C70-2

DPK-C60-3

Dumbbell-C70-5

Εpred

Εpox

Εpred

Εpox

Εpred

Εpox

Εpred

Εpox

-1.15

-1.06

-1.11

-1.05

-1.03

-0.95

-

-0.62

-1.52

-1.39

-1.52

-1.39

-1.43

-1.31

-1.23

-1.10

-1.89

-1.80

-1.88

-1.76

-1.74

-1.83

-1.57

-1.45

-2.10

-1.95

-2.04

-1.96

-

-

-1.95

-1.63

The redox potentials of the bis-Bingel derivatives of C70 and C60, as well of the dumbbell
compound, were measured using cyclic voltammetry on a glassy carbon minielectrode in odichlorobenzene (o-DCB) solutions with 0.05M n-Bu4NPF6 as supporting electrolyte. The cyclic
voltammetry (CV) results are summarized in Table 8.1.
Previous studies showed that Bingel derivatives of C70 exhibit reversible cathodic
electrochemical behavior between -1.0 and -1.2 V, whereas more negative potentials lead to
irreversible retro-cycloadditions.[19] Compounds DPK-C70-1 and DPK-C70-2 (Figure 8.16 in the
Supporting Information) showed chemical reversibility for the first reduction step at a scan rate of
100 mVs-1, followed by three chemically and electrochemically irreversible waves. To effect retro126

cycloaddition, DPK-C60-3 requires more negative potentials, close to -1.6 V. The reduction
potentials of all bis-methanofullerene derivatives were cathodically shifted relative to the values
for their corresponding pristine fullerene.[20]
8.3

CONCLUSIONS
We have reported the synthesis of a new long-tethered bis-Bingel reagent to synthesize

three easily isolable regio- and stereoselective bis-adducts of C60 and C70 (1-3) as well the use of
a reported short-tethered bis-Bingel reagent to synthesize a new C70-dumbbell derivative (5). We
have also reported the first example of a regioselective trans-2 isomer as the only product obtained
on C60. In addition, we have presented the complete characterization of the derivatives by using
spectroscopic and electrochemical measurements, as well as computational studies.
8.4

EXPERIMENTAL SECTION

8.4.1 Synthesis of DPK-C70-1 and DPK-C70-2
DBU (2 drops, 11.6 mg, 0.076 mmol) was added to a solution of C70 (50 mg, 0.059 mmol,
1 equiv), 4,4'-diethyl malonate-benzophenone (39.5 mg, 0.089 mmol, 1.5 equiv), and
tetrabromomethane (59.2 mg, 0.178 mmol, 3 equiv) in o-DCB (8 mL) under a N2 atmosphere and
the mixture was stirred at room temperature for 2 h. The reaction was stopped by using two drops
of acetic acid, followed by extraction with a saturated sodium bicarbonate solution and sodium
chloride solution. The solvent from the reaction mixture was removed under vacuum and the crude
product was purified by column chromatography on silica gel, initially using CS2 to collect the
unreacted fullerene, followed by CS2/CHCl3 (7/3) to collect DPK-C70-1 and DPK-C70-2 (29 and
45 %, respectively), and finally CHCl3/ethyl acetate (7/3) to collect a small fraction of
monoadduct.
8.4.2 Synthesis of DPK-C60-3
DBU (2 drops, 11.6 mg, 0.076 mmol) was added to a solution of C60 (50 mg, 0.069 mmol,
1 equiv), 4,4'-diethyl malonate-benzophenone (46.0 mg, 0.104 mmol, 1.5 equiv), and
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tetrabromomethane (69.1 mg, 0.208 mmol, 3 equiv) in o-DCB (12 mL) under a N2 atmosphere and
the mixture was stirred at room temperature for 3 h. The reaction was stopped by using two drops
of acetic acid, followed by extraction with a saturated sodium bicarbonate solution and sodium
chloride solution. The solvent from the reaction mixture was removed under vacuum and the crude
product was purified by column chromatography on silica gel, initially using CS2 to collect the
unreacted fullerene, followed by CS2/CHCl3 (1:1) to collect DPK-C60-3 (39%), and finally
CHCl3/ethyl acetate (7/3) to collect a small fraction of monoadduct.
8.4.3 Synthesis of dumbbell-C70-5
DBU (2 drops, 11.6 mg, 0.076 mmol) was added to a solution of C70 (50 mg, 0.059 mmol,
1 equiv), 1,3-phenylenedimethyl-diethyl malonate (8.7 mg, 0.024 mmol, 1 equiv), and
tetrabromomethane (23.7 mg, 0.071 mmol, 3 equiv) in o-DCB (7 mL) under a N2 atmosphere and
the mixture was stirred at room temperature for 2 h. The reaction was stopped by using two drops
of acetic acid, followed by extraction with a saturated sodium bicarbonate solution and sodium
chloride solution. The solvent from the reaction mixture was removed under vacuum and the crude
product was purified by column chromatography on silica gel, initially using CS2 to collect the
unreacted fullerene, followed by CS2/CHCl3 (7/3) to collect dumbbell-C70-5 (54%), and finally
CHCl3/ethyl acetate (9:1) to collect a small fraction of monoadduct.
8.5

SUPPORTING INFORMATION

8.5.1 Synthesis of 4,4’-diethyl malonate-benzophenone (DPK)
Ethylmalonate chloride (0.89 mL, 7.00 mmol, 3 equiv) was slowly added to a mixture of
4,4’-dihydroxybenzophenone (0.500 g, 2.33 mmol, 1 equiv) and triethylamine (0.65 mL, 4.66
mmol, 2 equiv) in anhydrous THF (10 mL) at 0 ºC and stirred overnight to rich room temperature.
The reaction was stopped after the complete consumption of 4,4’-dihydroxybenzophenone, using
1 drop of acetic acid, followed by extraction with a sodium bicarbonate saturated solution and a
sodium chloride saturated solution. The yellow oil was purified by flash chromatography with
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chloroform and ethyl acetate 5%, the colorless oil was then dried under vacuum to yield 64% of
DPK.
1

H NMR of 4,4’-diethyl malonate-benzophenone (600 MHz; CDCl3, 298 K): δ 7.79 (d,

2HAr, J = 8.74 Hz), 7.21 (d, 2HAr, J = 8.74 Hz), 4.21 (m, 2H, CO-CH2-CH3), 3.60 (s, 2H, CO-CH2CO), 1.27 (t, 3H, CO-CH2-CH3) ppm.

Figure 8.3 MALDI-TOF spectrum of DPK-C70-1 using 1,8,9-trihydroxyanthracene (THA) as
matrix.

Figure 8.4 MALDI-TOF spectrum of DPK-C70-2 using THA as matrix.

Figure 8.5 MALDI-TOF spectrum of DPK-C60-3 using trans-2-[3-(4-t-butyl-phenyl)-2-methyl2-propenylidene]malononitrile (DCTB) as matrix.
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Figure 8.6 UV/vis spectra of DPK-C70-1, DPK-C70-2 (0.14 mM) and DPK-C60-3 (0.1 mM) in
CHCl3.

Figure 8.7

H NMR spectrum (600 MHz; CDCl3, 298 K); DPK-C70-1: δ 7.98 (d, 2HAr, J = 8.62
Hz), 7.48 (d, 2HAr, J = 8.53 Hz), 4.62 (m, 2H, CO-CH2-CH3), 1.57 (t, 3H, CO-CH2CH3, J = 7.04 Hz) ppm.
1
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Figure 8.8

C NMR spectrum (150 MHz; CDCl3, 298 K); DPK-C70-1: δ 165.05, 150.83, 150.01,
149.97, 149.75, 149.51, 149.35, 149.17, 149.04, 148.63, 148.41, 148.28, 147.75,
146.98, 146.68, 145.19, 145.01, 144.56, 143.24, 142.94, 142.71, 138.95, 138.08,
62.98, 62.93, 35.90, 14.18 ppm.
13

Figure 8.9 HPLC profile of pure DPK-C70-1. Conditions: 5PBB column (4.6 ID x 250 mm);
toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
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Figure 8.10 1H NMR spectrum (600 MHz; CDCl3, 298 K); DPK-C70-2: δ 7.91 (d, 2HAr, J = 8.57
Hz), 7.82 (d, 2HAr, J = 8.59 Hz), 7.45 (d, 2HAr, J = 8.56 Hz), 6.93 (d, 2HAr, J = 8.52
Hz), 4.63 (m, 2H, CO-CH2-CH3), 4.20 (m, 2H, CO-CH2-CH3), 1.56 (t, 6H, CO-CH2CH3, J = 7.12) ppm. *Remaining toluene and water.

Figure 8.11

C NMR spectrum (150 MHz; CDCl3, 298 K); DPK-C70-2: δ 163.33, 161.93, 160.17,
155.12, 154.98, 153.02, 151.43, 151.41, 151.33, 151.23(2), 150.87, 150.72,
150.64(2), 149.45, 149.42, 149.36(2), 149.30, 149.15, 148.89, 148.84, 148.73,
148.70, 148.58, 148.55(2), 147.82, 147.58, 147.38, 147.35, 147.08, 146.54, 146.10,
145.99, 145.92, 145.13, 144.82, 144.07, 144.01, 143.98, 143.89, 143.68, 143.07,
142.98(2), 142.11, 142.09, 141.74, 141.59, 140.67, 137.07, 136.83, 136.79, 136.34,
133.66, 133.62, 132.88, 131.02, 131.04(2), 130.90, 129.94, 132.97, 131.73, 121.21,
115.40, 75.03, 70.24, 70.06, 66.94, 65.44, 64.04, 32.11, 29.45, 22.78, 14.38 ppm. *
Remaining acetone.
13
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Figure 8.12 HPLC profile of pure DPK-C70-2. Conditions: 5PBB column (4.6 ID x 250 mm);
toluene (1.2 mL min-1) at room temperature; λ = 320 nm.

Figure 8.13 1H NMR spectrum (600 MHz; CDCl3, 298 K); DPK-C60-3: δ 7.99 (d, 1HAr, J = 8.59
Hz), 7.48 (d, 1HAr, J = 8.58 Hz), 4.67 (m, 2H, CO-CH2-CH3, J = 7.11), 1.61 (t, 6H,
CO-CH2-CH3, J = 7.10) ppm.
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Figure 8.14

C NMR spectrum (150 MHz; Acetone-d6, 298 K); DPK-C60-3: δ 161.48, 160.11,
159.60, 125.60, 144.72, 144.69(2), 144.60, 144.57, 144.54, 144.48, 144.40, 144.32,
144.29, 144.12, 144.08(2), 143.90, 143.34, 143.26, 142.52, 142.46(2), 142.35,
141.64(2), 141.28, 141.13, 140.49, 140.44, 139.39, 137.96, 135.78, 132.29, 130.90,
120.52, 114.71, 77.17, 70.79, 62.97, 14.24 ppm.
13

Figure 8.15 HPLC profile of pure DPK-C60-3. Conditions: 5PBB column (4.6 ID x 250 mm);
toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
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Figure 8.16 Cyclic voltammograms of a) 1.4 mM solution of DPK-C70-1; b) 1.7 mM solution of
DPK-C70-2; c) 2.6 mM DPK-C60-3 (Dichloromethane containing 0.1 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).
8.5.2 Synthesis of 1,3-phenylenedimethyl-diethylmalonate (PDM)
Ethylmalonate chloride (2.78 mL, 0.022 mmol, 3 equiv) was slowly added to a mixture of
1,3-phenylenedimethanol (1 g, 0.072 mmol, 1 equiv) and triethylamine (2.01 mL, 0.014 mmol, 2
equiv) in anhydrous THF (20 mL) at 0 ºC, stirred overnight and allowed to reach room temperature.
The reaction was stopped after the complete consumption of 1,3-phenylenedimethanol, using 1
drops of acetic acid, followed by extraction with a sodium bicarbonate saturated solution and a
sodium chloride saturated solution. The yellow oil was purified by flash chromatography with
chloroform and ethylacetate 10%, a colorless oil was obtained and dried under vacuum to yield
73% of PDM.
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1

H NMR of 1,3-phenylenedimethyl-diethylmalonate (600 MHz; CDCl3, 298 K): δ 7.33

(m, 2.5HAr), 5.18 (s, 2H, Ph-CH2-CO) 4.18 (m, 2H, CO-CH2-CH3), 3.42 (s, 2H, CO-CH2-CO),
1.24 (t, 3H, CO-CH2-CH3) ppm.

Figure 8.17 MALDI-TOF spectrum of PDM-C60-4 using DCTB as matrix.

Figure 8.18 MALDI-TOF spectrum of Dumbbell-C70-5 using DCTB as matrix.
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Figure 8.19 UV/Vis spectra of PDM-C60-4 and Dumbbell-C70-5 in toluene.

Figure 8.20 1H NMR spectrum (600 MHz; CDCl3/CS2 (1/1), 298 K); PDM-C60-4: δ 7.53 (s,
1HAr), 7.39 (t, 1HAr J = 7.64 Hz), 7.29 (d, 2HAr, J = 7.67 Hz), 5.87 (d, 2H, Ph-CH2O, J = 12.90 Hz), 5.17(d, 2H, Ph-CH2-O, J = 12.89 Hz), 4.46 (m, 2H), 4.36 (m, 2H),
1.35 (t, 6H, J = 7.11) ppm.

Figure 8.21 1H NMR spectrum (600 MHz; CDCl3/CS2 (7/3), 298 K); Dumbbell-C70-5: δ 7.61 (s,
0.5HAr), 7.49 (d, 1HAr, J = 8.25 Hz), 7.45 (m, 0.5HAr), 5.45 (s, 2H), 4.46 (m, 2H),
1.41 (t, 3H, J = 7.80) ppm.
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Figure 8.22

C NMR spectrum (150 MHz; Acetone-d6 (7/3), 298 K); Dumbbell-C70-5: δ 161.47,
161.37, 154.35, 154.28, 150.75, 150.63, 150.46, 150.43, 149.98, 149.88(2), 149.84,
148.64, 148.60, 148.55, 148.52, 148.43, 148.07, 148.04(2), 148.86, 147.82(2),
147.79, 147.75, 146.83, 146.80(2), 146.77, 146.65, 146.62(2), 146.32, 146.29,
145.79, 145.75, 145.32, 145.29, 145.26, 144.25, 144.12, 143.30, 143.27, 143.19,
142.93, 142.89, 142.21, 142.17, 142.10, 141.96, 141.94, 141.80, 141.76, 141.45,
140.93, 140.90, 140.87, 140.59, 140.32, 140.01, 136.19, 136.15, 136.04, 134.93,
134.89, 132.87, 132.14, 132.11, 130.26, 130.10, 128.55, 128.45, 128.36, 67.37,
66.09, 65.41, 62.79, 14.00 ppm.
13

Figure 8.23 HPLC profile of pure Dumbbell-C70-5. Conditions: 5PBB column (4.6 ID x 250
mm); toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
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Figure 8.24 Cyclic voltammogram of 1.2 mM o-DCB solution of Dumbbell-C70-5 containing
0.05 M n-Bu4NPF6; using the redox couple Fc/Fc+ as internal reference.
8.5.3 Computational Results
The calculations of the possible isomers resulting from the reaction between DPK and C70
were performed using the DFT methodology with the Gaussian-09 code[143] using the B3LYP
functional and the 6-31G*[265,266] and 3-21G[267] basis set. The INT-2 were characterized by
computing the analytical vibrational frequencies. Solvent effects were also included by using the
polarizable continuum model (PCM)[149] to simulate the effects of toluene.
Bingel reactions involve two steps: formation of an intermediate where the bromomalonate is attached to one carbon of the fullerene cage, followed by release of the bromide anion
and formation of the second bond between the malonate and the fullerene cage to form a
cyclopropane structure. Poblet et al. reported that Bingel cycloadditions are kinetically controlled
reactions, therefore the products observed experimentally are those with the lowest activation
energies.[137,268] In the case of bis-Bingel additions two intermediates are possible, intermediate-1
(Int-1) represents the first cycloaddition, which is the same for all possible bis-adduct regioisomers, including C60 and C70. Intermediate-2 (Int-2) represents the second cycloaddition, so we
focused on Int-2, which is the one that determines which regio-isomer is formed.
139

Figure 8.25 Optimized structures of possible Int-2 of the reaction between DPK and C70 using the
DFT methodology using the B3LYP functional and the 6-31G* basis set, with solvent
effects (toluene).

Figure 8.26 Optimized structures of possible diastereoisomers (in-in, in-out, out-out) of DPKC70-1 using the DFT methodology using the B3LYP functional and the 6-31G* basis
set.
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Figure 8.27 Optimized structures of possible diastereoisomers (in-in, in-out, out-out) of DPKC70-2 using the DFT methodology using the B3LYP functional and the 3-21G basis
set.

Figure 8.28 Optimized structures of possible Int-2 of the reaction between DPK and C60 using the
DFT methodology using the B3LYP functional and the 3-21G basis set, with solvent
effects (toluene).
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Figure 8.29 Optimized structures of possible diastereoisomers (in-in, in-out, out-out) of trans-2
DPK-C60-3 using the DFT methodology using the B3LYP functional and the 3-21G
basis set. For diastereoisomers in-in was not possible to find a local minima.
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Section 9: Tethered Bis-Adducts of C60 and C70 with Addends on a Common
Hexagonal Face and a 12-membered Hole in the Fullerene Cage
Abstract: The regioselective synthesis of easily isolable pure bis-methanoderivatives of
C60 and C70 with high steric congestion is described using 1,3-dibenzoylpropane-bis-ptoluenesulfonyl hydrazone as the addend precursor. When the addition occurs at two [6,6]-ring
junctions within the same hexagon, bis-adducts with mirror symmetry are obtained for both C60
and C70. When the addition occurs at two [5,6]-ring junctions in C60, a symmetrical adduct is
formed, which readily undergoes photo-oxygenation and ring opening to yield a fullerene with a
hole in the cage. In this work we also propose a simple and general system to name all of the
possible [6,6]-bis-adduct isomers on C70. Reprinted with permission from Cerón, M. R.; Izquierdo,
M.; Aghabali, A.; Valdez, J. A.; Ghiassi, K. B.; Olmstead, M. M.; Balch, A. L.; Wudl, F.;
Echegoyen, L. J. Am. Chem. Soc. 2015, 137, 7502. Copyright 2015 American Chemical Society
(See Appendix F for the copyright letter).
9.1

INTRODUCTION
Since the discovery of fullerenes in 1985,[1,3,269] their functionalization has been extensively

studied,[1,3,269] partly to increase their solubilities and to expand their applications in biomedicine,
materials science and in organic photovoltaic (OPV) solar cells, among others.[25,26] The use of
fullerene derivatives as electron acceptors is rapidly developing, mainly because of their low
reduction potentials, their low recombination energies upon electron transfer, and their high charge
transport capabilities in three dimensions.[25,26,43]
Recently, bis-functionalization of fullerenes has resulted in compounds that are very
effective in OPV solar cells.[102, 243,246,270] Therefore, understanding and controlling the formation
of specific regioisomers of bis- and multiple-adducts of fullerenes is crucial because it has been
shown that some regioisomerically pure fullerene bis-adducts perform better in OPV solar cells
than in the corresponding isomeric mixtures.[220,224,271]
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The synthesis of fullerene bis-adducts is challenging because of the many isomeric
products that are typically obtained. If both addends are identical and symmetric, the number of
possible isomers is 8 in the case of C60 (Figure 1.4)[37,252,257,272] and 38 in the case of C70 (Figure
9.1), provided that additions occur exclusively on [6,6]-bonds. To increase the yield of a specific
bis-adduct regioisomer and to avoid HPLC chromatographic separations, Diederich et
al.[37,252,257,272] introduced a very useful tool, the tether-directed remote multifunctionalization.
This method involves the use of a variable length and rigidity tether that connects two or more
reactive centers to direct the location of the multiple adducts on the fullerene surface.[273] The most
abundant nontethered bis-addition products usually observed are the trans-3 and equatorial
isomers for C60 and the 12-, 2- or 5- o’clock for C70,[189,190,229,240-242] with very few examples of cis1 or cis-2 on C60 or α-1-α and α-2-α on C70 because of the steric congestion; see Figure 9.1 for the
nomenclature used.[195-198,237,239,274] However, for bis-epoxides, C60O2, the isomer with both
oxygen atoms bound to a single hexagonal surface is the most abundant isomer.[205]

Figure 9.1 a) Types of double bonds on C70. The equator contains the δ-bonds, and in the north
pole there are α, β, and γ-bonds and in the south pole α’, β’, and γ’-bonds; b) Some
examples of possible bis-addition combinations relevant to this work.
Since no systematic way is currently available to define C70 bis-adducts, we propose a
simple and forward straight method to do so (Figure 9.1). The method uses Greek letters to define
the addition positions and numbers corresponding to the smallest number of bonds separating the
additions sites. This nomenclature applies for additions to [6,6]-bonds. The same type bonds on
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opposite sides across the δ-bonds are differentiated using a prime designation. Using this system
a 12-o’clock bis-adduct would be designated as α-6-α’, a 2-o’clock would be α-7-α’ and a 5o’clock would be α-9-α’.[254]
Functionalization of fullerenes via diazo cycloaddition generates two types of derivatives:
the fulleroids if the addition occurs on a [5,6]-bond or the methanofullerenes if the addition occurs
on a [6,6]-bond.[30,275] Fulleroids are the kinetically controlled products, whereas the
methanofullerenes are the thermodynamic products;[276] hence fulleroid derivatives are usually
isomerized to the more stable methanofullerene derivatives via a π-methane transposition.[277,278]
Both fulleroid and methanofullerene derivatives of C60 and C70 have been reported before, but
there are only two examples of the synthesis of bis-methanofullerenes using a bis-diazo addend
derived from a tether directed remote functionalization method, which yielded seven
regioisomers.[249,279] Here we designed a shorter, rigid and symmetric bis-diazo addend to limit the
number of possible regio-isomers. To the best of our knowledge there are no reports of the
synthesis of bis-fulleroids using bis-diazo cycloadditions.[280]
9.2

RESULTS AND DISCUSSION

9.2.1 Synthesis of [60]Fullerene Bis-adducts 1, 2 and 3
Pure bis-adducts 1 and 2 were synthesized from a bis-diazo precursor, resulting from the
in situ base-induced decompositions of 1,3-dibenzoylpropane-bis-p-toluenesulfonyl hydrazone
(DBP), in the presence of C60, as shown in Scheme 9.1.[254] To prevent the formation of
monoadducts, an excess of sodium methoxide (NaOMe) and pyridine (py) was added. Purification
of the crude mixture using silica gel chromatography (CS2/hexanes 3:2) eluted unreacted pristine
fullerene, followed by compounds 1 and 2, and finally by a mixture of multiple adducts. The yield
and ratio of compounds 1 and 2 were controlled by modifying the reaction conditions; under dilute
conditions in toluene/THF the main product was compound 1 (19%) followed by compound 2
(3%); under more concentrated conditions in o-DCB the main product was compound 2 (13%)
followed by compound 1 (4%). Characterization of compound 1 was difficult because of its
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unexpected high sensitivity to light, which quickly led to its conversion into a new compound 3
and a pronounced color change from pink to yellow; see details below.[281]
9.2.2 Spectroscopic Characterization of [60]Fullerene Bis-adducts 1, 2 and 3
Compounds 1, 2 and 3 were characterized by UV/vis spectrophotometry, NMR, MALDITOF MS, cyclic voltammetry and by X-ray single crystal diffraction, except where noted. Since
the DBP group has a short alkane chain, after the first addition the most accessible bonds for a
second addition on C60 are either one or two bonds away.

Scheme 9.1

One-step synthesis of bis-methano derivatives [60]fullerene.

Compound 1 shows a molecular mass of 940.1364 m/z by MALDI-MS. It has an a UV/vis
absorption spectrum that is essentially identical to that observed for pristine [60]fullerene,
indicating that both additions on compound 1 have likely occurred on [5,6]-bonds. Thus, the
assignment to a bis-fulleroid structure is based on the fact that the cages of bis-fulleroids and C60
are isoelectronic, since there is no loss of π-conjugation of the cage upon [5,6]-additions.[254,269]
Surprisingly, the bis-fulleroid derivative compound 1 in the presence of air, quickly converted to
a more stable derivative, compound 3, with a molecular mass of 972.12572 m/z, corresponding to
an addition of two oxygen atoms to compound 1.
146

Compound 3 showed a similar UV/Vis absorption spectrum to that reported for a photooxidized open cage fullerene.[31] Thus photo-oxygenation of compound 1 is favored over
isomerization to a bis-methanofullerene (Scheme 9.2).[30,275] Compound 2, with a molecular ion
peak at 940.12571 m/z, showed a similar absorption spectrum to that reported for a cis-1 bisisomer.[185,187] Thus, initial structural assignments for these compounds were made solely based on
the unique UV/Vis absorption patterns exhibited by each C60 bis-adduct in the 300 to 700 nm
region.

Figure 9.2

1

H NMR (600 MHz, CDCl3/CS2 (1/1), 298 K) of a) Compound 1; b) Compound 2;
c) Compound 3.

The 1H NMR spectrum of compound 1 showed four sets of signals with integrals of 1:2:2:1
(Figure 9.2), which could correspond to the presence of two protons with different chemical
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environments attached to the same carbon (protons a and d). Due to the proximity of the two
additions, the alkane chain is not free to rotate, and this restriction generates different environments
for the protons, with proton d probably closer to the cage, which shifts its signal to a higher
field.[282] For compound 1 it was not possible to obtain a reasonable 13C NMR spectrum due to the
fast photo-oxygenation of the compound. DFT calculations using the B3LYP functional and the
6-311G* basis set[265,266] suggested that the isomer with the lowest energy of the bis-fulleroid has
the addition pattern shown in Scheme 9.1, with the phenyl rings in a symmetric configuration.[283]
Although a bis-fulleroid structure with a similar addition pattern has been reported,[249,279] to the
best of our knowledge, there is no precedent for a tether-directed bis-functionalization that gives
rise directly to a sterically congested bis-fulleroid. Bis-fulleroids are typically obtained from
cyclohexadiene-fused derivatives upon irradiation; after the [4+4] intramolecular photocycloadditions these are followed by [2 + 2 + 2] cycloreversions.[249,279]
Although compound 2 contains a plane of symmetry (Scheme 9.1), the 1H NMR spectrum
showed four sets of signals with integrals of 1:2:2:1 (Figure 9.2). Analogously to compound 1, the
COSY (correlation spectroscopy) NMR and the HMQC (heteronuclear multiple-quantum
correlation) NMR spectra of compound 2 showed that proton d is likely closer to the cage than a,
which results in an upfield shift. The
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C NMR spectrum clearly established the existence of a

plane of symmetry, with 28 signals observed for sp2 carbons. The bridgehead and bridge carbons
were observed at 55.86, 65.38 and 70.69 ppm, corresponding to a typical methanofullerene
structure.[281]
The FT IR spectrum of compound 3 showed two carbonyl absorptions at 1738 cm-1 and
1689 cm-1, in agreement with the observation of two extra oxygen atoms in the laser
desorption/ionization with a Fourier transform ion cyclotron resonance spectrum of compound 3,
resulting from the photo-oxygenation of compound 1. The 1H NMR spectrum of compound 3
showed six sets of signals in the aliphatic region and an integral value of 10 in the aromatic region
(Figure 9.2), consistent with an oxygen addition to an unsymmetric bond close to one of the [5,6]additions. The COSY NMR and the HMQC NMR of compound 3 support the assignment of the
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signals, as well as the observation of an upfield shift for proton f. The 13C NMR spectrum exhibited
no plane of symmetry with 54 signals for sp2 carbons (four double intensity signals corresponding
to carbons with accidental overlap), and the bridgehead carbons at 60.14 and 64.07 ppm,
corresponding to a bis-fulleroid structure and the carbonyl at 162.20 and 157.52 ppm.[281]
Calculations were performed to determine the structure of compound 3. Analysis of the
experimental data and DFT calculations suggested that the addition of one oxygen molecule to
compound 1 occurred at one of the two bonds next to the fulleroid addition, in agreement with the
loss of symmetry of compound 1. Fullerenes are known to self-sensitize their photooxygenation.[284] Such a photo-oxygenation of an azafulleroid was used to create the first example
of a fullerene containing a hole in the cage.[269] Here we report the one step photo-oxygenation of
a bis-fulleroid to obtain a 12-membered opened bis-fulleroid (Scheme 9.1).
Bis-diazo compound a is stabilized by the formation of a 1,3-dipole b (see Scheme 9.2).
1,3-Dipolar cycloaddition of b to a [6,6]-bond of the fullerene leads to the formation of a
pyrazoline intermediate (c), which can rearrange to h or undergo nitrogen elimination to yield d,
(see Scheme 9.2). The step that predominates will determine the type of addition that occurs on
the fullerene; either a bis-fulleroid (rearrangement) or a bis-methanofullerene derivative (after
nitrogen elimination).
After formation of the first pyrazoline and nitrogen elimination, the methanofullerene
monoadduct d can undergo a second 1,3-dipolar cycloaddition to a [6,6]-bond in the same six
membered ring to yield e (see Supporting Information). A second nitrogen elimination would then
yield compound 2, bis-methanofullerene cis-1 (see Scheme 9.2). Rearrangement of the second
pyrazoline could result in the formation of a fulleroid-methanofullerene bis-adduct (k).
Rearrangement to either of the two possible [5,6]-bonds (green bonds in e) would result in the
formation of an energetically less stable fulleroid-methanofullerene bis-adduct, which does not
form (see Supporting Information).
On the other hand, rearrangement of pyrazoline c yields fulleroid monoadduct h, which
can undergo a π-methane transposition to yield monoadduct d or a second 1,3-dipolar
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cycloaddition to a [6,6]-bond in the same six membered ring i. Rearrangement of the second
pyrazoline i would yield compound 1, the bis-fulleroid (see Scheme 9.2). Nitrogen elimination
could give rise to the fulleroid-methanofullerene bis-adduct k, which is not observed. Photooxygenation of compound 1 at the green or blue bonds (Scheme 9.2, compound 1) gives rise to
compound 3 as a pair of enantiomers.

Scheme 9.2

Suggested Mechanism for the Synthesis of Bis-derivatives [60]Fullerene.
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9.2.3 Electrochemical Characterization of [60]Fullerene Compounds 2 and 3
The redox potentials of bis-derivatives of C60 (compounds 2 and 3) were measured by CV
and SWV in o-DCB solutions using 0.05 M n-Bu4NPF6 as supporting electrolyte. The SWV results
are summarized in Table 9.1.
Table 9.1

Redox potential[a] of C60 bis-derivatives 2 and 3. [a]Values obtained by SWV and
CV in volts versus Fc/Fc+ couple. [b] Values obtained using the following formula
𝐸𝐿𝑈𝑀𝑂 = (𝐸(𝑜𝑛𝑠𝑒𝑡,𝑟𝑒𝑑 𝑣𝑠 𝐹𝑐 +/𝐹𝑐) + 5.1) 𝑒𝑉.[285]
Compound

C60

Compound 2

Compound 3

E 0/-

-1.12

-1.33

-0.96

E -1/-2

-1.49

-1.73

-1.37

E -2/-3

-1.93

-2.22

-1.72

E -4/-5

-2.40

-

-1.96

Eonset, red

-1.02

-1.19

-0.88

LUMO[b]

-4.08

-3.91

-4.22

Previous studies showed that C60 methanofullerenes typically exhibit reversible cathodic
electrochemical behavior,[286-289] analogous to those observed for C60.[290] The CV of compound 2
showed three reduction waves with electrochemically reversible behavior, and compound 3
showed five reversible reduction waves. The reduction potentials of all bis-fullerene derivatives
were shifted cathodically compared to the values for C60. It is well known that the additions to
double bonds on C60 cathodically shift the reduction potentials by approximately 100-150 mV.[286289]

Since compound 2 is a bis-adduct, cathodic shifts around 200-250 mV were anticipated.

Compound 2 exhibits a shift of 210 mV. For the case of compound 3, the cathodic shift is less
evident with very similar redox properties compared to those of C60.
9.2.4 Crystallographic Analysis of Compounds 2 and 3
Single crystals of compound 2•toluene were grown by slow evaporation of a toluene
solution of the compound. The results of the X-ray structure determination are shown in Figure
9.3. In this drawing, the carbon atoms of the addend are colored blue. This molecule has no
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crystallographic symmetry, but a virtual mirror plane bisects the C2-C3 and C6-C5 bonds. The
bond distances for the fullerene cage fall within normal ranges. However, at the point of addition
across the two 6:6 double bond, significant bond lengthening has occurred, yielding distances over
1.6 Å for the C1-C2 and C3-C4 bonds (see Figure 9.3).

Figure 9.3 The molecular structure of the bis-methanofullerene derivative of C60, compound
2•toluene. Thermal contours are drawn at the 50% probability level. A molecule of
toluene is omitted for clarity. Selected distances (Å): C1-C2, 1.620(3) Å; C3-C4,
1.616(4) Å; C2-C3, 1.535(3) Å; C5-C6, 1.380(4) Å.
Single crystals of compound 3•2.5CS2 were grown by slow diffusion of ethanol into a
carbon disulfide solution of the compound. The structure, which is shown in Figure 9.4, reveals
the 12-member ring-opened cage structure of compound with the addition of two oxygen atoms.
Three of the C-C bonds (C4-C5, C4-C3, and C1-C6) in the original fullerene have been broken.
Thus, these nonbonded separation are: C4-C5, 2.470 (5) Å; C4-C3, 3.138(5) Å; and C1-C6,
2.345(5) Å, and the nonbonded O1-O2 distance is 2.705 (4) Å.
Figure 9.5 compares the sites of adduct formation of the bis-adduct compound 2 and the
ring-opened adduct compound 3. In this figure, the yellow carbon atoms belonged to the original
hexagonal face of the C60 molecule that underwent addition.
Compound 3 is a chiral molecule. The two enantiomers that are present in the
centrosymmetric space group Pī are depicted in Figure 9.6.[291]
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Figure 9.4 The molecular structure of one enantiomer of the ring-opened adduct, compound 3,
with the carbon atoms of the addend colored blue. Thermal contours are drawn at the
50% probability level. Solvate carbon disulfide molecules are omitted for clarity.
Selected atom distances (Å): C1-C2, 1.384(5); C5-C6, 1.368(5); C3-O1, 1.199(4);
C4-O2, 1.218(4).

Figure 9.5 A comparison of compounds compound 2 (left) and compound 3 (right) as viewed
from the perspective of oxygen addition. Thermal contours are drawn at the 50%
probability level.
Based on the X-ray data, spectroscopic analysis, and DFT calculations, it was possible to
assign the addition pattern (summarized in Scheme 9.1) for the pure bis-fulleroid 1, bismethanofullerene 2 (cis-1) and the 12-membered open bis-fulleroid 3.
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Figure 9.6 Enantiomers of the 12-membered ring-opened cage in compound 3. Thermal
contours are drawn at the 50% probability level. Both enantiomers occur in the crystal
structure due to the instance of a centrosymmetric space group.
9.2.5 Synthesis of [70]Fullerene Bis-adducts 4 and 5

Scheme 9.3

One-step synthesis of bis-methano derivatives of [70]fullerene.

Pure bis-adducts 4 and 5 were synthesized using the same method described above but
using C70 instead of C60 (Scheme 9.3). Purification of the crude mixture using silica gel
chromatography (CS2/hexanes 3:2) eluted the unreacted pristine fullerene, followed by a mixture
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of compounds 4 and 5 and finally by a fraction of multiple adducts. Compounds 4 and 5 were
further purified by preparative TLC (CS2/hexanes 1:1). The major product of the reaction was bisadduct compound 4, which was isolated in 22% yield, followed by compound 5 in 6% yield. In
contrast to the results observed with C60, varying the reaction conditions did not significantly affect
the yield or ratio of the final products.
9.2.6 Characterization of [70]Fullerene Bis-adducts 4 and 5
Compounds 4 and 5 were characterized by UV/Vis spectrophotometry, NMR
spectroscopy, MALDI-TOF mass spectrometry and cyclic voltammetry. To estimate the number
of possible isomers in this reaction, we assume that the first addition occurs at an α-bond because
it exhibits the highest reactivity compared to the β-, γ- and δ-bonds on C70.[32] Due to the short
alkane chain of the DBP group, after the first addition takes place, the most likely bis-adducts are:
α-1-α, α-2-α, α-1-β and α-3-β (Figure 9.1).
Assignments of the addition pattern of bis-adducts on C70 were not based on the
corresponding UV/Vis absorption spectra because there are very few examples of [70]fullerenebis-adducts reported in the literature.[89-90, 117] Here we report the characterization of two new bisadducts of C70 for which both additions occur on the same pole of C70, unlike most [70]-fullerenebis-adducts reported, where the additions occur on opposite poles of the molecule.
The MALDI-MS of compound 4 showed the parent molecular peak at 1060.1322 m/z,
corresponding to a bis-adduct. The 1H NMR spectrum of compound 4 was very similar to that for
compound 2; four sets of signals with integrals of 2:1:2:1 were observed (Figure 9.7). This result,
along with the UV/Vis absorption spectrum suggests an α-1-α addition pattern. The COSY NMR
and the HMQC NMR spectra of compound 4 showed that protons b and d are bonded to the same
carbon, with an upfield shift for proton d. The 13C NMR spectrum showed the presence of a plane
of symmetry with 32 signals corresponding to sp2 carbons (one with double intensity at 147.94
ppm due to accidental overlap), and the bridgehead and bridge carbons at 41.53, 64.14 and 57.46
ppm, which correspond to a typical methanofullerene structure.[281]
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Figure 9.7

1

H NMR (600 MHz, CDCl3/CS2 1:1, 298 K) of a) Compound 4; b) Compound 5.

The MALDI-MS spectrum of compound 5 showed the parent molecular peak at 1060.1383
m/z, corresponding to a bis-adduct. The 1H NMR spectrum of compound 5 exhibited diasterotopic
behavior with six sets of signals in the aliphatic region (Figure 9.7). COSY NMR and HMQC
NMR spectra of compound 5 supported the assignment of the signals, with the observation of
upfield shifts for proton f. The 13C NMR spectrum exhibited no plane of symmetry with 63 signals
for the sp2 carbons (three double intensity signals corresponding to carbons with accidental
overlap). The bridgehead and bridge carbons at 42.38, 43.84, 54.52 and 62.39 ppm, correspond to
methanofullerene structures.[281] Calculations were performed to determine the structure of
compound 5. Analysis of the experimental data and DFT calculations suggest that the addition on
compound 5 is α-1-β (Scheme 9.3).
9.2.7 Electrochemical Characterization of [70]Fullerene Bis-adducts 4 and 5
The redox potentials of bis-methanofullerene 4 and 5 were also measured by CV and SWV
using the same conditions for the C60 derivatives. The SWV results are summarized in Table 9.2.
Previous studies showed that C70 methanofullerene typically exhibit reversible cathodic
electrochemical behavior,[286-289] analogous to that observed for C60 and C70.[290] The CV of
compounds 4 and 5 showed three reduction waves with electrochemically reversible behavior. The
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reduction potentials of all bis-methanofullerene derivatives were shifted cathodically around 300
mV compared to the corresponding values for C70.[243]
Table 9.2

Redox potential[a] of C70 bis-derivatives 4 and 5. [a]Values obtained by SWV and
CV in volts versus Fc/Fc+ couple. [b] Values obtained using the following formula
𝐸𝐿𝑈𝑀𝑂 = (𝐸(𝑜𝑛𝑠𝑒𝑡,𝑟𝑒𝑑 𝑣𝑠 𝐹𝑐 +/𝐹𝑐) + 5.1) 𝑒𝑉.[285]
Compound

C70

Compound 4

Compound 5

E 0/-

-0.98

-1.31

-1.27

E -1/-2

-1.34

-1.47

-1.64

E -2/-3

-1.75

-1.99

-1.99

Eonset, red

-0.88

-1.22

-1.14

LUMO[b]

-4.22

-3.88

-3.96

9.2.8 Crystallographic Analysis of Compound 4

Figure 9.8 Molecular structure of first highly steric congested bis-methanofullerene derivative
of C70, compound 4 showing thermal displacement parameters at the 50%
probability level and selected atom numbers. The molecule of toluene is omitted for
clarity. Selected distances (Å): C1-C2, 1.633(3); C3-C4, 1.626(3); C2-C3, 1.524(3);
C5-C6, 1.374(3).
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Single crystals of compound 4•toluene were grown by slow evaporation of a toluene
solution of the compound. As shown in Figure 9.8, the adduct with the carbon atoms colored blue
occupies a symmetrical position near the cap of the D5h-C70 fullerene. As was the case for the C60,
addition across the double bonds of the fullerene caused bond lengthening but not bond-breaking.
The other fullerene C-C bonds were not greatly affected by adduct formation. Although the
molecule has no crystallographically imposed symmetry, it does have effective mirror symmetry
with the virtual mirror plane perpendicular to the plane of Figure 9.8, passing through C73 and
bisecting the C2-C3 and C6-C5 bonds.
9.3

CONCLUSION
New double addition products of both C60 and C70 have been prepared with both additions

occurring within one six-membered ring of the fullerene through the use of 1,3-dibenzoylpropanebis-p-toluenesulfonyl hydrazone as the addend precursor. When the addition occurs at two [6,6]ring junctions within a hexagon, the bis-adducts 2 and 4 with mirror symmetry have been obtained
for both C60 and C70. When the addition occurs at two [5,6]-ring junctions of C60, a symmetrical
bis-fulleroid is formed. This adduct readily undergoes photo-oxigenation and ring opening to yield
a fullerene with a 12-membered hole in the cage. Electrochemical measurements showed that the
reduction potentials of all synthesized bis-adducts were shifted cathodically between 200-300 mV
compared to the corresponding values for the pristine fullerenes.
9.4

SUPPORTING INFORMATION

9.4.1 Synthesis of 1,3-dibenzoylpropane-bis-p-toluenesulfonyl hydrazone (1,3-DBP)
A mixture of 1,3-dibenzoylpropane (1.0 g, 3.36 mmol) and p-toluenesulfonyl hydrazone
(2.2 g, 11.88 mmol) in MeOH (20 mL) was stirred and reflux during 6 h. The mixture was left
without heating during 1 day and then cooled to -10 ºC. White crystals of 1,3-DBP was then filtered
and washed with cold MeOH and dichloromethane, dried under vacuum to yield 77%. 1H NMR
of 1,3-dibenzoylpropane-bis-p-toluenesulfonyl hydrazone (600 MHz; CDCl3, 298 K): δ 8.78 (s,

158

1H, NH), 7.22 (d, 2HAr, J = 8.22), 6.96 (dd, 2HAr, J = 1.55, 7.65), 6.66 (t, 5HAr, J = 7.73), 2.08 (m,
2H, CH2), 1.72 (s, 3H, CH3), 1.04 (m, 1H, CH) ppm.
9.4.2 Synthesis of Compound 1 and Compound 2
Diluted Conditions; Bis-diazo addend was prepared in-situ by dissolving 1,3dibenzoylpropane-bis-p-toluenesulfonyl hydrazone (122.7 mg, 0.208 mmol) in 0.5 mL of
anhydrous pyridine and 1 mL of anhydrous THF under N2 atmosphere. NaOMe (56.3 mg, 1.042
mmol) was added, and the mixture was stirred during 15 min. A solution of 75.0 mg of C60 (0.1042
mmol) in 80 mL of toluene was added and stirred at 80 ºC for 3 h. The solvent from the reaction
mixture was removed under vacuum and the crude product was purified by silica gel column using
initially hexanes/CS2 6:4 as eluent (to separate the unreacted fullerene) and compound-1
(19%yield), followed by CS2 to collect compound-2 (3%).
Concentrated Conditions; Bis-diazo addend was prepared in-situ by dissolving 1,3dibenzoylpropane-bis-p-toluenesulfonyl hydrazone (98.1 mg, 0.167 mmol) in 0.3 mL of
anhydrous pyridine under N2 atmosphere. NaOMe (15.0 mg, 0.278 mmol) was added, and the
mixture was stirred during 20 min. A solution of 80.0 mg of C60 (0.111 mmol) in 8 mL of o-DCB
was added and stirred at 100 ºC overnight. The reaction mixture was concentrated with air and the
crude product was purified by silica gel column using initially hexanes/CS2 6:4 as eluent (to
separate the unreacted fullerene) and compound 1 (4%yield), followed by CS2 to collect compound
2 (13%).

Figure 9.9 MALDI-TOF spectrum of compound 1 using 1,8,9-trihydroxyanthracene (THA) as
matrix.
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Figure 9.10 LD FT ICR spectrum of compound 2 dissolved in toluene without matrix.

Figure 9.11 LD FT ICR spectrum of compound 3 dissolved in toluene without matrix. The
deviations from the calculated isotopic distribution is due to pronation of the sample.

Figure 9.12 UV/Vis spectra of compound 1, compound 2 (0.1 mM) and compound 3 (0.14 mM)
in toluene.
160

Figure 9.13 1H NMR (600 MHz; CDCl3/CS2 (1/1), 298 K); compound 1: δ 7.99 (d, 2HAr, J =
7.72), 7.73 (d, 2HAr, J = 7.83), 7.43 (m, 6HAr), 2.83 (dd, 1H, CH2 J = 13.90, 28.73),
2.62 (d, 2H, CH2 J = 15.22), 2.37 (t, 2H, CH2 J = 13.92), 1.69 (m, 1H, CH2) ppm.

Figure 9.14 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 2: δ 7.65 (dd, 4HAr, J =
7.28, 18.80) 7.38 (m, 4HAr), 7.31 (t, 2HAr, J = 7.42), 3.73 (q, 1H, CH2 J = 13.76),
3.47 (dd, 2H, CH2 J = 4.93, 13.93), 3.15 (t, 2H, CH2 J = 15.72), 2.18 (m, 1H, CH2)
ppm.
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Figure 9.15 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 2.

Figure 9.16 HMQC NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 2.
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Figure 9.17

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); compound 2: δ 23.72, 30.26, 44.91,
55.86, 66.38, 70.69, 127.44, 128.20, 128.35, 131.67, 137.34, 137.78, 139.26, 141.64,
141.71, 141.72 142.03, 142.96, 143.02. 143.40, 143.52, 143.82, 143.91, 144.10,
144.55, 144.75, 145.02, 145.14, 145.24, 145.43, 145.81, 145.90, 147.16, 147.41,
147.46, 147.63, 149.48, 151.30 ppm.
13

Figure 9.18 FT IR spectra of compound 2.
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Figure 9.19 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 3 : δ 7.64 (d, 1HAr), 7.47
(d, 1HAr), 7.37 (q, 2HAr), 7.33 (t, 2HAr), 7.21 (m, 3HAr), 7.15 (tt, 1HAr), 5.17 (dd, 1H),
4.44 (t, 1H), 2.90 (dd, 1H), 2.67 (m, 1H) 2.60 (q, 1H), 2.00 (m, 1H) ppm.

Figure 9.20 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 3.
164

Figure 9.21 HMQC NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 3.

Figure 9.22

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); compound 3: δ 19.36, 41.33, 42.61,
60.14, 64.07, 121.99, 125.46, 125.99, 126.63, 127.37, 127.85, 128.89, 129.00,
129.22, 132.53, 133.93, 133.99, 134.47, 135.29, 136.23, 136.79, 136.85, 137.44,
137.68, 137.92, 138.23, 138.63, 139.30, 139.87, 140.02, 140.04, 140.15, 140.20,
140.27, 140.79, 140.86, 141.51, 142.18, 142.23, 142.47, 142.68, 142.93, 143.44,
143.90, 144.09, 144.17, 144.21, 144.32, 144.78, 145.11, 145.32, 145.40. 145.60,
145.78, 145.81, 145.88, 145.92, 146.29, 146.56, 147.05, 147.12, 147.16. 147.32,
147.86, 149.54, 151.58, 155.14, 157.52, 162.20 ppm.
13
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Figure 9.23 FT IR spectra of compound 3.

Figure 9.24 Cyclic voltammogram of compound 2 and compound 3 (o-DCB containing 0.05 M
n-Bu4NPF6; using the redox couple Fc/Fc+ as internal reference).
9.4.3 Synthesis of Compound 4 and Compound 5
Bis-diazo addend was prepared in-situ by dissolving 1,3-dibenzoylpropane-bis-ptoluenesulfonyl hydrazone (70.0 mg, 0.119 mmol) in 0.2 mL of anhydrous pyridine under N2
atmosphere. NaOMe (16.1 mg, 0.298 mmol) was added, and the mixture was stirred during 20
min. A solution of 50.0 mg of C70 (0.059 mmol) in 6 mL of o-DCB was added and stirred at 100
ºC overnight. The reaction mixture was concentrated with air and the crude product was purified
by silica gel column using initially hexanes/CS2 6:4 as eluent (to separate the unreacted fullerene)
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and compound 4 and compound 5. Isomers compound 4 and compound 5 were further purify by
TLC preparative (CS2:Hex 1:1) 22% and 6% yield respectively.

Figure 9.25 MALDI-TOF spectrum of compound 4 using 1,1,4,4-tetraphenyl-1,3-butadiene
(TPB) matrix.

Figure 9.26 MALDI-TOF spectrum of compound 5 using TPB matrix. The deviations from the
calculated isotopic distribution is due to pronation of the sample.

Figure 9.27 UV/Vis spectra of compound 4 and compound 5 in toluene.
167

Figure 9.28 1H NMR (600 MHz; CDCl3/CS2 (1/1), 298 K); compound 4: δ 7.94 (d, 1HAr, J =
7.84), 7.56 (d, 1HAr J = 7.17), 7.53 (t, 1HAr, J = 7.43), 7.35 (m, 2HAr), 3.05 (dd, 2H,
J = 6.23, 14.40), 2.91 (dd, 1H, J = 13.59, 28.90), 2.81 (t, 2H, J = 15.56), 1.77 (m, 1H)
ppm.

Figure 9.29 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 4.
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Figure 9.30 HMQC NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 4.

Figure 9.31

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); compound 4: δ 22.53, 41.61, 43.29,
57.45, 64.14, 127.14, 127.93, 128.07, 128.16, 130.71, 131.32, 132.44, 132.69,
134.82, 139.67, 140.10, 140.15, 141.35, 141.41, 141.76, 142.17, 143.96, 144.45,
144.27, 146.64, 147.94 (2), 148.97, 148.22, 148.38, 148.65, 148.80, 149.11, 149.27,
149.70, 149.85, 149.94, 149.99, 150.36, 150.96, 151.67, 154.44 ppm.
13
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Figure 9.32 FT-IR spectra of compound 4.

Figure 9.33 1H NMR (600 MHz; CDCl3/CS2 (7/3), 298 K); compound 5 : δ 7.89 (d, 1HAr, J =
7.73), 7.70 (d, 1HAr, J = 7.67), 7.52 (t, 1HAr, J = 7.62), 7.41 (t, 1HAr, J = 7.61), 7.34
(dd, 2HAr, J = 8.16, 16.74), 7.14 (m, 4HAr), 3.27 (d, 1H, J = 15.59), 3.13 (q, 1H, J =
14.37, 29.50), 3.02 (d, 1H, J = 14.98), 2.82 (t, 1H, J = 14.45) 2.70 (t, 1H, J = 14.32),
1.87 (m, 1H) ppm.
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Figure 9.34 COSY NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 5.

Figure 9.35 HMQC NMR (600 MHz; CDCl3/CS2 (7/3), 298 K) of compound 5.
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Figure 9.36

C NMR (150 MHz; CDCl3/CS2 (7/3), 298 K); compound 5: δ 22.51, 29.84, 42.38,
43.31, 43.32, 43.84, 54.52, 62.39, 126.08, 126.85, 127.08, 127.74, 127.82, 128.04,
127.89 128.10, 130.52, 130.61, 130.67 130.69, 130.75, 131.10, 131.11, 131.17,
131.36, 131.41, 132.32, 133.63, 133.92, 135.44, 138.54, 140.09, 140.22, 140.32,
141.01, 141.62, 141.73, 141.78, 141.83, 141.86, 142.16, 142.82, 143.03, 143.47,
143.52, 143.87, 144.05, 144.37, 144.48, 144.56, 144.76, 145.68, 145.72, 145.78,
145.82, 145.98, 146.19, 146.37, 146.55, 145.59, 145.64, 145.82, 147.03, 147.10,
147.12, 147.51, 147.59, 147.74, 147.85, 148.07, 148.36, 148.41, 148.52, 149.04,
149.16, 149.34, 149.37, 149.49, 149.55, 149.56, 150.39, 151.48, 151.63, 152.57,
155.66 ppm.
13

Figure 9.37 FT-IR spectra of compound 5.
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Figure 9.38 Cyclic voltammogram of compound 4 and compound 5 (o-DCB containing 0.05 M
n-Bu4NPF6; using the redox couple Fc/Fc+ as internal reference).
9.4.5 Computational Results
The calculations of the possible isomers resulting from the reaction between 1,3-DBP and
C60 or C70 were performed by computing the analytical vibrational frequencies using the DFT
methodology with the Gaussian-09 code[143] using the B3LYP functional and the 6-311G*.[265,266]

Figure 9.39 Optimized structures of possible isomers of the reaction between 1,3-DBP and C60.
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Figure 9.40 Possible products of photooxygenation of compound 1 to obtain compound 3.

Figure 9.41 Optimized structures of possible isomers of the reaction between 1,3-DBP and C70.
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Section10: Bis-1,3-Dipolar Cycloadditions on Endohedral Fullerenes M3N@IhC80 (M = Sc, Lu): Remarkable Endohedral-Cluster Regiochemical Control
Abstract: In this work, we briefly report some attempts to control regioisomeric bisadditions on Sc3N@Ih-C80 and Lu3N@Ih-C80 using the tether-controlled multi-functionalization
method. We then describe the use of independent (non-tethered) bis-1,3-dipolar cycloaddition
reactions and the characterization of five new bis-adducts; three for Sc3N@C80 and two for
Lu3N@C80, which have never been reported before. Unexpectedly and remarkably four of these
compounds exhibit relatively high symmetry and two of these bis-adducts are the first examples
of intrinsically chiral endohedral compounds, due to the addition pattern, not to the presence of
chiral centers on the addends. Since an analysis of the statistically possible number of bis-adduct
isomers on an Ih-C80 cage has not been reported, we present it here. Reprinted with permission
from Cerón, M. R.; Izquierdo, M.; Garcia-Borràs, M.; Lee, S. S.; Stevenson, S.; Osuna, S.;
Echegoyen, L. J. Am. Chem. Soc. 2015, 137, 11775. Copyright 2015 American Chemical Society
(See Appendix G for the copyright letter).
10.1

INTRODUCTION
In 1985, Kroto et al. discovered the fullerenes, which constituted new allotropic forms of

carbon.1] Since the early days of fullerene research it was shown that they were capable of trapping
atoms in their interior,[4] and these compounds were collectively denoted as endohedral fullerenes
(EFs).[6] Endohedral fullerenes can also encapsulate small molecules,[7,8] one or more metals,[4]
and metallic-based clusters.[9,10] Our work has been mainly focused on the trimetallic nitride cluster
endohedral metallofullerenes (TNT-EMFs), initially discovered by Stevenson et al. in 1999 when
they isolated Sc3N@Ih-C80.[51] These compounds exhibit considerable charge transfer from the
trapped cluster to the carbon cage, formally represented as a six electron transfer leading to
[Sc3N]6+[C80]6-.[21]
Since the first functionalization of EMFs in 1995 by Akasaka,[34] many have explored their
reactivities and other properties,[27,35,36] allowing their characterization, and enhancing their
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potential applications in biomedicine (as MRI contrast agents, in tumor diagnosis and
radioimmunotherapy), in materials science and in photovoltaics solar cells, among others.[25,26]
However, the complete structural, chemical and electronic properties of EMFs are not totally
understood at the present time. Specifically, the factors controlling the regiochemistry of multiple
additions to EFs remain largely unexplored and poorly understood.
However, the complete structural, chemical and electronic properties of EMFs are not
totally understood at the present time. Specifically, the factors controlling the regiochemistry of
multiple additions to EFs remain largely unexplored and poorly understood.[244,246,250,251]
Controlling and understanding the formation of specific regioisomers on fullerenes is important,
because it has been shown that some regioisomerically pure fullerene bis-adducts perform better
in OPV solar cell devices than their corresponding isomeric mixtures.[220,224] There are very few
methods available to regiochemically control bis-additions on fullerenes,[241,292] and the most
widely utilized one is the tether-controlled remote multi-functionalization.[202,229] Since this
method is extremely useful with [60]-fullerene and [70]-fullerene,[237,242,273] we initially decided
to use it to control regiochemical bis-additions to Sc3N@Ih-C80 and Lu3N@Ih-C80.
Independent (non-tethered) bis-additions to endohedral fullerenes have been reported
before but very few details about their regiochemistry have been discussed.[293-298] Recently,
Yamakoshi et al. reported highly regioselective bis-1,3-dipolar cycloaddition reactions using
M3N@Ih-C80 (M = Y and Gd) and described one predominant bis-pyrrolidine isomer, presumably
controlled by the encapsulated cluster.[299]
In this work, we briefly report some attempts to control regioisomeric bis-additions on
Sc3N@Ih-C80 and Lu3N@Ih-C80 using the tether-controlled multi-functionalization method. We
then describe the use of independent (non-tethered) bis-1,3-dipolar cycloaddition and the
characterization of five new bis-adducts; three for Sc3N@C80 and two for Lu3N@C80.
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10.2

RESULTS AND DISCUSSION

10.2.1 Tether Bis-additions
We initially tried the following tether-controlled bis-addition reactions on M3N@Ih-C80 (M
= Sc and Lu): a) a bis-1,3-dipolar cycloaddition reaction using phthalaldehyde and N-ethyl
glycine;[237] b) a bis-diazo cyclopropanation reaction using 1,3-dibenzoylpropane-bis-ptoluenesulfonyl hydrazone;[242] and c) a bis-Bingel cyclopropanation reaction using 1,3phenylenedimethyl-diethylmalonate (PDM),[202] all of which are known to work efficiently on C60
and C70.[202,237,242]
Remarkably, all of these reactions failed when applied to M3N@Ih-C80 (M = Sc and Lu).
MALDI and NMR techniques showed that none of the tethered bis-addends led to detectable
amounts of the expected bis-derivatives. Instead, monoadditions were observed in all cases. The
obvious implication derived from these results is that the clusters must exert a very strong directing
effect that prevents the addition of the second adduct, which is primarily directed by the tether
length. Since Yamakoshi et al. were unsuccessful at preparing isolable amounts of non-tethered
bis-adducts of M3N@Ih-C80 (M = Sc and Lu), we wondered if these specific TNT-EMFs were
intrinsically unreactive towards bis-additions in general. In order to investigate this behavior, we
decided to attempt the independent (non-tethered) bis-1,3-dipolar cycloadditions on M3N@Ih-C80
(M = Sc and Lu).
10.2.2 General Considerations
Ih-C80 endohedral fullerenes possess two different types of addition sites: [6,6]-junctions
(bonds between two six-membered rings) and [5,6]-junctions (bonds between one five membered
ring and one six membered ring). Monoadditions of N-ethylazomethine ylides to Ih-C80 endohedral
fullerenes have been shown to result in [5,6] or [6,6] fulleropyrrolidines.[93,94,103] The addition
position of monopyrrolidine adducts is strongly influenced by the size of the encapsulated
cluster.[32b, c, 34] For example, in the case of yttrium or gadolinium nitride cluster fullerenes, the
[6,6]-monoadduct is the thermodynamically preferred product (two singlets observed for the two
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methylenes in the pyrrolidine ring by 1H NMR), while in the case of the smaller scandium and
lutetium nitride cluster EMFs, the [5,6]-monoadduct is the thermodynamically stable product (one
AB quartet in the 1H NMR).[93,94,103,133]
Since an analysis of the statistically possible number of bis-adduct isomers on an Ih-C80
cage has not been reported, we present it here, see Figure 10.1. Assuming that the two addends are
identical, and assuming that both [5,6] and [6,6]-additions can occur, the total number of possible
bis-adduct isomers is 91. Of the 91 possible regioisomers for the Ih-C80 cage, 30 correspond to
additions at [5,6]-[5,6]-bonds; 31 to additions at [5,6]-[6,6]-bonds and 30 to additions at [6,6][6,6]-bonds (Figure 10.1). Of the 30 [5,6]-[5,6]-bis-regioisomers, seven possess a plane of
symmetry (Cs-symmetric) and five possess a C2 rotation (C2-symmetric). Similarly, of the 30 [6,6][6,6]-bis-regioisomers, seven possess a plane of symmetry (Cs-symmetric) and five possess a C2
rotation (C2-symmetric). For the [5,6]-[6,6]-bis-regioisomers, only four out of the 31 possess a
plane of symmetry (Cs-symmetric). Of the 91 statistically possible regioisomers the large majority,
63, possess no symmetry (C1). Some of these regioisomers are not likely to form simply on the
basis of steric repulsion and congestion.
The C2-symmetric bis-adduct regioisomers, if obtained, would possess inherent chirality
caused by the addition pattern, not by chiral centers in the addends. There are very few examples
of chiral endohedral fullerene derivatives, and all of them contain chiral centers in the addends,
and none possess intrinsically chiral addition patterns on the surfaces.[300,301]
10.2.3 Independent Bis-additions
The reported bis-1,3-dipolar cycloaddition reactions using M3N@Ih-C80 (M = Y and Gd)
yielded only one major isomer.[94] Based on NMR spectroscopic experiments and DFT
calculations, Yamakoshi et al. assigned the observed isomers as [6,6]-[6,6]-bis-adducts, all
unsymmetric based on the observation of four different AB quartets for the pyrrolidine methylene
groups. Presumably the [6,6]-[6,6]-bis-adduct isomer of Y3N@Ih-C80 was converted to an
uncharacterized isomeric mixture after thermal treatment, but no details of the specific
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transformations or characterizations of new products were provided. Surprisingly, when they used
the same reaction conditions using Sc3N@Ih-C80 and Lu3N@Ih-C80, they were unable to detect
significant amounts of bis-adducts, even when a large excess of N-ethylglycine was added. They
attributed this behavior to the low reactivity of the thermodynamically stable [5,6]-monoadduct of
Sc3N@Ih-C80 and Lu3N@Ih-C80, which in principle are the precursors for the formation of the bisadducts.[299]

Figure 10.1 91 possible bis-adduct regioisomers on an Ih-C80 cage. The first pyrrolidine is
attached to the black bond: pink bonds denote C2-symmetric regioisomers, cyan
bonds denote Cs-symmetric regioisomers and purple bonds denote C1-symmetric
regioisomers. a) [5,6]-[5,6]-bis-adducts; b) [5,6]-[6,6]-bis-adducts; c) [6,6]-[6,6]-bisadducts.
We successfully synthesized and characterized bis-adducts of both Sc3N@Ih-C80 and
Lu3N@Ih-C80 for the first time, using similar reaction conditions. Remarkably, most of the bisadducts we observed for the Sc3N@C80 and Lu3N@C80 exhibit much higher symmetry than the
ones reported for yttrium and gadolinium.
10.2.4 Synthesis and Characterization of Sc3N@Ih-C80 Bis-regioisomers
Bis-adducts 1-3 were synthesized via 1,3-dipolar cycloaddition reaction of N-ethylglycine
and formaldehyde with Sc3N@Ih-C80 in ortho-dichlorobenzene (o-DCB).[132] Bis-adducts 1-3 were
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purified using silica gel column chromatography and preparative TLC in 6%, 13% and 15% yield,
respectively. The matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectra confirmed the presence of [M + H]+ peak for the bis-adduct products (m/z 1252 for all bisadduct 1-3).

Figure 10.2 1H NMR spectrum of: a) bis-adduct 1; b) bis-adduct 2; c) bis-adduct 3 (600 MHz;
CDCl3:CS2 1:1, 298 K); assignments based on the observed spectral symmetry, DFT
calculations and the 1H-1H COSY NMR spectra (see Supporting Information, Figures
10.18, 10.22 and 10.26).
The 1H NMR spectrum of bis-adduct 1 exhibited four AB quartets corresponding to the
unequivalent methylenes of the two pyrrolidines and two overlapping quartets corresponding to
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the methylenes of the N-ethyl groups (Figure 10.2a). Therefore, bis-adduct 1 is an unsymmetric
regioisomer, similar to the one reported for Y3N@C80.[299] Due to the lack of symmetry of bisadduct 1 and the large number of possible C1-symmetric regioisomers (63), based solely on NMR
we cannot assign it to a specific isomer.
To determine the addition pattern of bis-adduct 1, density functional theory (DFT) full
optimizations at the BP86-D2/TZP level were performed using ADF and the related QUILD
computational packages.[302] In principle, all 63 possible C1-symmetric regioisomers should be
considered to elucidate the preferred unsymmetric bis-adduct. However, the thermodynamic
stability of the [5,6]-mono-1,3-dipolar cycloadduct of Sc3N@Ih-C80 is higher than that of the [6,6]monocycloadduct by ca. 8 kcal mol-1 difference.[303] For these reasons we only considered [5,6][5,6]-additions in the case of Sc3N@Ih-C80.[92,141,165,303] In contrast, for Lu3N@Ih-C80 [5,6] and
[6,6]-based bis-adducts were considered, since the thermodynamic stability of both [5,6]- and
[6,6]-adducts are similar.
DFT calculations indicate that the preferred unsymmetrical addition site for Sc3N@Ih-C80
corresponds to bond 54-72 (Figure 10.3a, and relative stabilities in Figure 10.3d). Many examples
reported in the literature show that monopyrrolidines on scandium nitride have the metals pointing
away from the addition site.[98,157,304] Indeed, as observed for the most stable scandium-based [5,6]monoadduct,[303] the most favorable unsymmetric bis-adduct (bond 54-72) has the metal atoms far
from the functionalized C-C bonds. The other C1-symmetric isomers calculated are >1.5 kcal mol1

higher in energy than the 54-72 based bis-adduct.
The 1H NMR spectrum of bis-adduct 2 exhibited a more symmetric resonance pattern, with

only two AB quartets corresponding to the methylenes of the pyrrolidines and one quartet
corresponding to the methylene of the N-ethyl group (Figure 10.2b). Thus this must correspond to
one of the seven possible symmetric (CS) [5,6]-[5,6]-regioisomers. DFT calculations of all seven
possible [5,6]-[5,6] Cs-symmetric regioisomers indicated that the preferred second addition site
occurs on bond 46-47 (Figure 10.3b). Again, this structure has the metal atoms far from the
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functionalized bonds. The second and third most favorable Cs-symmetric bis-adducts correspond
to bonds 31-32 and 50-69, which are 1.2, and 1.4 kcal mol-1 less stable, respectively (Figure 10.3d).

Figure 10.3 Representation of the most stable Sc-based bis-adducts: a) C1-symmetric regioisomer
on bond 54-72; b) Cs-symmetric regioisomer on bond 46-47; c) C2-symmetric
regioisomer on bond 29-11; d) Schlegel representation of all possible [5,6]-[5,6]-bisadducts and their DFT relative stabilities (in kcal mol-1). All possible addition sites
are colored according to their symmetry: pink, cyan, and purple for C2-, Cs-, and C1symmetric regioisomers, respectively.
The 1H NMR spectrum of bis-adduct 3 exhibits a slightly less symmetric resonance pattern
than that of bis-adduct 2, with two AB quartets corresponding to the methylenes of the pyrrolidines
and an ABX3 pattern corresponding to the methylenes of the N-ethyl groups (Figure 10.2c). This
ABX3 pattern is typical of ethyl groups in chiral environments, thus suggesting a C2-symmetric
bis-adduct, of which there are only five possibilities.[305]
182

The five possible chiral [5,6]-[5,6]-regioisomer structures of Sc3N@Ih-C80 were optimized
using DFT. The computed relative stabilities of all possible C2-symmetric bis-adducts indicate that
the lowest energy corresponds to the second addition at bond 11-29, located close to the initial
[5,6]-addition. The other C2-symmetric bis-adducts are ca. > 2 kcal mol-1 higher in energy. The
computed pyramidalization angles for all carbons on the Sc3N@Ih-C80 [5,6]-monoadduct revealed
that positions 11 and 29 are indeed the most pyramidalized carbons on the fullerene cage. In line
with this observation, the deformation energies of the fullerene with respect to the empty fullerene
are 30.9 kcal mol-1 for bis-adduct 11-29, whereas it is ca. 37 kcal mol-1 for the second and third
most stable additions. Thus bis-adduct formation at position 11-29 is dramatically favored in the
EMF, as the fullerene cage is less distorted.
This C2-symmetric bis-adduct has one of the metal atoms of the Sc3N cluster directly
adjacent to the functionalized [5,6]-bond. This was totally unexpected, since this is usually
observed for EMFs containing larger TNT clusters. We performed Energy Decomposition
Analysis (EDA) calculations to better rationalize the TNT orientation preference.[142] Using the
EDA scheme, the total energy of the system is partitioned into a deformation term (the energy
required to distort the fragments into the geometry they adopt in the final structure), and an
interaction portion, which includes the electrostatic interaction, Pauli repulsion and orbital
interaction terms. Empty fullerene structures are taken as the references. Calculations indicate that
there exists a correlation between the relative stabilities and both the deformation of the carbon
bis-adduct cage and the TNT-fullerene interaction energies for bis-adduct 11-29. The preferred
orientation of the cluster inside the cage actually corresponds to the one possessing the lowest
deformation and the largest interaction energy (which mainly results from the orbital interaction
term).
The redox potentials of Sc3N@Ih-C80 bis-adducts 1-3 were measured by cyclic
voltammetry (CV) in o-DCB solutions (Table 10.1). The CV of bis-adducts 1-3 exhibited
irreversible reduction processes similar to those observed for Sc3N@Ih-C80.[10,35] Unlike the
pristine fullerene Sc3N@Ih-C80, bis-adducts 1-3 showed irreversible oxidation potentials
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cathodically shifted by approximately 450 mV. Consequently, bis-adducts 1-3 should exihibit
better donor properties and smaller band gap (see Supporting Information).[27]
Table 10.1 Redox potentials of Sc3N@Ih-C80 bis-adducts 1-3. Values obtained by CV in volts
versus Fc/Fc+ couple.
Compound

Epa+/+2

Epa0/+

Epc0/-

Epc-1/-2

Epc-2/-3

Sc3N@Ih-C80165

1.09

0.59

-1.26

-1.62

-2.37

0.66

0.02

-1.34

-1.62

-1.80

0.36

0.15

-1.29

-1.68

-

0.66

0.05

-1.27

-1.60

-1.79

C1-[5,6]-[5,6]
Bis-adducts 1
Cs-[5,6]-[5,6]
Bis-adducts 2
C2-[5,6]-[5,6]
Bis-adducts 3

10.2.5 Synthesis and Characterization of Lu3N@Ih-C80 Bis-regioisomers
Unexpectedly, when the 1,3-dipolar cycloaddition reaction was done with Lu3N@Ih-C80
instead of Sc3N@Ih-C80, only two main bis-adduct isomers were obtained, bis-adducts 4 and 5, in
7% and 22% yields, respectively. The mass spectra confirmed the presence of [M+H]+ peak for
the bis-adduct products (m/z 1642 for both bis-adducts 4 and 5).
The 1H NMR spectrum of bis-adduct 4 of Lu3N@Ih-C80 exhibited a very similar resonance
pattern to that of bis-adduct 3 of Sc3N@Ih-C80, with two AB quartets corresponding to the
methylenes of the pyrrolidines and an ABX3 system corresponding to the methylenes of the Nethyl groups (Figure 10.4a). As already discussed, there are only five [5,6]-[5,6]-regioisomers out
of the 30 possible isomers that can show this chiral (C2) resonance pattern. Even if we allowed for
the possibility of a hybrid [5,6]-[6,6]-bis-adduct, no chiral addition patterns would be possible.
[6,6]-[6,6]-bis-additions could give rise to intrinsically chiral compounds, but these possess much
higher energies (see Figure S35E), and thus were not considered based on DFT calculations.
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Figure 10.4 1H NMR spectrum of: a) bis-adduct 4; b) bis-adduct 5 (600 MHz; CDCl3:CS2 1:1,
298 K); assignments based on the 1H-1H COSY and 1H-1H NOESY NMR spectra
respectively (see Supporting Information, Figure 10.31 and 10.35).
The five possible bis-[5,6]-[5,6]-chiral isomers of Lu3N@Ih-C80 were optimized using DFT
calculations considering eight different orientations of the TNT cluster. Not surprisingly, the
lowest energy [5,6]-[5,6] C2-symmetric regioisomer of Lu3N@Ih-C80 is the same as for Sc3N@IhC80 (addition to bond 29-11). This bis-adduct is >7 kcal mol-1 more stable than the other four
possible C2-symmetric bis-adducts (Figure 10.5a, 10.5c).
The 1H NMR spectrum of bis-adduct 5 also shows a high degree of symmetry. Since two
resonances are uncorrelated singlets at 4.74 and 4.46 ppm (from COSY and NOESY spectra), they
cannot correspond to a [5,6]-pyrrolidine addition and must correspond to a [6,6]-pyrrolidine.
Furthermore, these two singlets indicate that the second pyrrolidine must be in a position that does
not perturb the symmetry of the [6,6]-addend, and this can only occur by positioning the second
pyrrolidine in a relative perpendicular orientation. Similarly, since only one AB quartet is
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observed, corresponding to the methylenes of the other pyrrolidine, the [6,6]-addend is not altering
the symmetry of the [5,6]-one. Two separate quartets for the methylenes of the N-ethyl groups are
also observed, confirming that the two pyrrolidines are not symmetrically equivalent (Figure
10.4b). Based exclusively on the NMR observations it is possible to assign the structure of this
bis-adduct to one of only four possibilities, all of which exhibit a [5,6]-[6,6]-bis-addition pattern,
with mutually perpendicular pyrrolidines. To the best of our knowledge this is the first mixed
(hybrid) bis-addition compound observed for an endohedral system, a rather unanticipated and
very interesting result. While the 1H NMR spectrum suggests a very high symmetry, it is also a
Cs-symmetric compound.

Figure 10.5 Representation of the most stable Lu-based bis-adducts: a) [5,6]-[5,6] C2-symmetric
regioisomer on bond 29-11; b) [5,6]-[6,6] Cs-symmetric regioisomer on bond 78-65;
c) Schlegel representation of all possible [5,6]-[5,6] and [5,6]-[6,6]-bis-adducts and
their DFT relative stabilities (in kcal mol-1). All possible addition sites are colored
according to their symmetry: pink, cyan, and purple for C2-, Cs-, and C1-symmetric
additions, respectively.
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DFT calculations indicate that the most favorable Cs-symmetric bis-addition corresponds
to bond 65-78 (Figure 10.5b, 10.5d), leading to a mutually perpendicular bis-adduct arrangement.
The computed thermodynamic stabilities show that the [5,6]-[5,6]-bis-adduct 4 (11-29) is 6.7 kcal
mol-1 more stable than the [5,6]-[6,6] 5 (65-78). Linear transit (LT) calculations, i.e. restrained
optimization along the reaction coordinate, indicate that the 1,3-dipolar cycloaddition reaction on
[6,6]-bonds is kinetically more favored than for [5,6]-additions.[303] This was also observed
experimentally by HPLC analysis.[303]
Indeed, a thorough investigation of the Lowest Energy Unoccupied Molecular Orbitals
(LUMOs) of Lu3N@Ih-C80 demonstrates that bond 65-78 (leading to bis-adduct 5) exhibits LUMO
orbitals lobes that can effectively interact with the HOMO of the dipole, whereas bond 11-29 (bisadduct 4) is better aligned to interact via its LUMO+1 (-3.93 eV), which is 9 kcal mol-1 higher in
energy (Figure 10.6a). Thus, using Frontier Molecular Orbital (FMO) theory to predict the kinetics
of the 1,3-dipolar cycloaddition, we observed that the interaction of the HOMO of the dipole with
the LUMO of the monoadduct is ca. 5 kcal mol-1 more favorable than with the LUMO+1 (Figure
10.6a). The fact that bond 65-78 has a properly aligned LUMO orbital to react with the dipole
while bond 11-29 has an optimally aligned LUMO+1 explains the higher yield observed
experimentally for the former, unambiguously establishing that the addition to bond 65-78 is
kinetically preferred.
The computed pyramidalization angles for the Lu3N@Ih-C80 [5,6]-monoadduct (Figure
10.6b) revealed that both 11-29 and 65-78 bonds are more strained. Indeed, 11-29 and 65-78 bisadducts have the lowest deformation energies, indicating that those positions are the most suitable
to react in order to release the fullerene strain induced by the presence of the inner Lu 3N moiety.
Thus by analyzing the pyramidalization of the fullerene carbon atoms, the bis-addition pattern can
be effectively predicted, indicating that the bis-addition is totally cluster controlled.
The redox potentials of Lu3N@Ih-C80 bis-adducts 4 and 5 were measured by CV in o-DCB
solutions (Table 10.2). The CV of bis-adducts 4 and 5 exhibited irreversible reduction processes
analogous to those observed for Lu3N@Ih-C80.[10] In contrast to Lu3N@Ih-C80, bis-adduct 4 showed
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a cathodic shift of approximately 600 mV and bis-adduct 5 of 400 mV. For both cases, irreversible
oxidation processes were observed. Therefore, bis-adducts 4 and 5 should exihibit better donor
properties and smaller band gap values (see Supporting Information).[27]

Figure 10.6 a) Representation of the LUMO for Sc3N@Ih-C80 and Lu3N@Ih-C80 and their
interaction with the HOMO of the dipole (isosurface value 0.02 au); b)
Representation of the POAV (Pi-Orbital Axis Vector) pyramidalization angle for
Lu3N@Ih-C80 [5,6]-monoadduct.
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Table 10.2 Redox potentials of Lu3N@Ih-C80 bis-adducts 4-5. Values obtained by CV in volts
versus Fc/Fc+ couple.
Compound

Epa+/+2

Epa0/+

Epc0/-

Epc-1/-2

Epc-2/-3

Sc3N@Ih-C80165

2.04

0.64

-1.40

-

-

0.37

0.03

-1.42

-1.74

-2.22

0.34

0.24

-1.45

-1.81

-

C2-[5,6]-[5,6]
Bis-adducts 4
Cs-[5,6]-[6,6]
Bis-adducts 5

10.3

CONCLUSION
We analyzed and described the 91 possible bis-regioisomers for an Ih-C80 cage based on

symmetry (C1-, Cs- or C2-symmetric), assuming identical adducts. We successfully synthesized
and characterized the first bis-adducts of Sc3N@Ih-C80 and Lu3N@Ih-C80 using independent, nontethered bis-1,3-dipolar cycloaddition reactions. A very limited number of bis-adducts was
observed, three for Sc3N@Ih-C80 and two for Lu3N@Ih-C80. Surprisingly, only one of the five
observed compounds lacks symmetry (C1), while two exhibit C2-symmetry and two others have
CS-symmetry, based on 1H NMR analyses. In concert with DFT calculations it was possible to
unambiguously assign the structures of all of the five new compounds isolated. The two C2symmetric compounds are the first intrinsically chiral endohedral fullerenes ever reported, whose
chirality arises as a consequence of the intrinsic bis-addition pattern. One of the CS-symmetric
compounds, corresponding to a bis-adduct of Lu3N@C80, is the first hybrid compound, exhibiting
addition of one pyrrolidine on a [5,6]-bond and the other on a [6,6]-bond. DFT calculations were
used to rationalize the origins of the differences in regioselectivity observed for scandium and
lutetium based bis-adducts. This study demonstrates the feasibility of bis-additions to Sc3N@C80
and Lu3N@C80 and establishes that the regiochemistry is more strongly determined/controlled by
the endohedral clusters than by the use of exohedrally tethered-controlled bis-adducts.
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10.4

METHODS

10.4.1 Synthesis of Sc3N@Ih-C80 bis-regioisomers
To a solution of Sc3N@Ih-C80 (6.14 mg, 5.54x10-3 mmol, 1 equiv) in 6 mL of o-DCB, Nethylglycine (8.57 mg, 8.31x10-2 mmol, 15 equiv) and formaldehyde (8.31 mg, 0.28 mmol, 50
equiv) were added. The reaction mixture was stirred and heated during 15 minutes at 120ºC under
a N2 atmosphere. The solvent from the reaction mixture was removed under nitrogen and the crude
product was purified by silica gel chromatography using initially CS2 to elute the unreacted
endohedral pristine fullerene, followed by CS2:CHCl3 3:2 to elute the monoadduct of Sc3N@IhC80 (45%) and finally CHCl3:EtOAc 9:1 to elute the bis-adducts fraction (38%). Bis-adducts 1, 2
and 3 were further purified by preparative TLC using CHCl3:EtOAc 9:1 in 6%, 13% and 15%
yield respectively.
10.4.2 Synthesis of Lu3N@Ih-C80 bis-regioisomers
To a solution of Lu3N@Ih-C80 (3.52 mg, 2.35x10-3 mmol, 1 equiv) in 4 mL of o-DCB, Nethylglycine (3.63 mg, 3.52x10-2 mmol, 15 equiv) and formaldehyde (3.52 mg, 0.12 mmol, 50
equiv) were added. The reaction mixture was stirred during 15 minutes and heated at 120 °C under
a N2 atmosphere. The solvent from the reaction mixture was removed under nitrogen and the crude
product was purified by silica gel chromatography using initially CS2 to elute the unreacted
endohedral pristine fullerene, followed by CS2:CHCl3 3:2 to elute the monoadduct of Lu3N@IhC80 (41%), and finally CHCl3:EtOAc 9:1 to elute the bis-adduct 4 (7%) and bis-adduct 5 (22%).
10.4.3 Computational details
Density

functional

theory

(DFT)

full

optimizations

at

the

ZORA-BP86-

D2/TZP(COSMO:o-DCB) level were performed using ADF and the related QUILD computational
packages.[302] N-ethyl substituents on the pyrrolidino ring were replaced by methyl groups to
reduce the computational complexity of the calculations. Different orientations of the TNT unit
were considered in all cases to properly model the TNT unit rotation inside the cage as performed
in previous studies.[98,139] All possible 30 [5,6]-[5,6]-bis-adducts were optimized for Sc3N@Ih-C80
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considering eight different orientations of the TNT cluster for the most stable bis-adducts; whereas
all possible 91 regioisomers with eight different cluster orientations were optimized for Lu3N@IhC80 (ca. 800 full BP86-D2/TZP optimizations). Energy Decomposition Analyses (EDA) were
performed as implemented in the ADF computational package.[142] In this EDA scheme, the total
energy of the system is divided into:
∆𝐸 = ∆𝐸𝑑𝑒𝑓 + ∆𝐸𝑖𝑛𝑡 ;
∆𝐸𝑖𝑛𝑡 = ∆𝑉𝑒𝑠𝑡 + ∆𝐸𝑃𝑎𝑢𝑙𝑖 + ∆𝐸𝑜𝑖 = ∆𝐸 0 + ∆𝐸𝑜𝑖
A deformation term (Edef) being the energy required to distort the fragments into the
geometry they adopt in the final structure, and an interaction part (Eint). The latter includes the
electrostatic interaction (Velst), which corresponds to the classical electrostatic interaction between
the unperturbed charge distributions of the fragments as they are brought together at the final
geometry, Pauli repulsion (EPauli) comprising the destabilizing interactions between occupied
orbitals, and is responsible for any steric repulsion; and orbital interaction (Eoi) term that accounts
for electron pair bonding, charge transfer, and polarization. Pyramidalization (POAV) angles were
computed using POAV3 program (see Supporting Information for complete computational
reference list).
10.5

SUPPORTING INFORMATION

10.5.1 Synthesis of Tether Controlled Bis-1,3-dipolar Cycloaddition Reaction Using
M3N@Ih-C80 (M = Sc and Lu)
To a solution of (2.57 mg, 2.32x10-3 mmol, 1 equiv) of Sc3N@Ih-C80 in 3 mL of o-DCB,
N-ethylglycine (10.8 mg, 0.104 mmol, 45 equiv) and formaldehyde (46.7 mg, 0.348 mmol, 150
equiv) were added.[237] The reaction mixture was stirred and heated during 3 h at 120 ºC under a
N2 atmosphere. The solvent from the reaction mixture was removed under nitrogen and the crude
product was purified by silica gel column chromatography using initially CS2 as eluent to collect
the unreacted endohedral pristine fullerene, followed by CS2:CHCl3 3:2 to collect compound A1,
and finally CHCl3:EtOAc 4:1 to collect compound B1.
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Scheme 10.1

Tether controlled bis-1,3-dipolar cycloaddition reaction using the cluster
endohedral fullerenes M3N@Ih-C80 (M = Sc and Lu).

Figure 10.7 MALDI-TOF spectrum of compound A1 using 1,1,4,4-tetraphenyl-1,3-butadiene
(TPB) as matrix.

Figure 10.8 MALDI-TOF spectrum of compound B1 using trans-2-[3-(4-t-butyl-phenyl)-2methyl- 2-propenylidene]malononitrile (DCTB) as matrix.
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To a solution of (5.00 mg, 3.34x10-3 mmol, 1 equiv) of Lu3N@Ih-C80 in 8 mL of o-DCB,
N-ethylglycine (5.2 mg, 0.050 mmol, 15 equiv) and formaldehyde (13.4 mg, 0.100 mmol, 30
equiv) were added. The reaction mixture was stirred and heated during 5 h at 120 ºC under a N2
atmosphere. The solvent from the reaction mixture was removed under nitrogen and the crude
product was purified by silica gel column chromatography using initially CS2 as eluent to collect
the unreacted endohedral pristine fullerene, followed by CS2:CHCl3 3:2 to collect compound A2,
and finally CHCl3:EtOAc 4:1 to collect compound B2.

Figure 10.9 MALDI-TOF spectrum of compound A2 using DCTB as matrix.

Figure 10.10 MALDI-TOF spectrum of compound B2 using TPB as matrix.
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10.5.2 Synthesis of Tether Controlled Bis-diazo Cyclopropanation Reaction Using M3N@IhC80 (M = Sc and Lu)
Bis-diazo addend was prepared in-situ by dissolving 1,3-dibenzoylpropane-bis-ptoluenesulfonyl hydrazone (21.8 mg, 0.037 mmol, 10 equiv) in 0.1 mL of anhydrous pyridine
under a N2 atmosphere. NaOMe (0.2 mg, 0.166 mmol, 45 equiv) was added, and the mixture was
stirred during 20 min. A solution of 4.10 mg of Sc3N@Ih-C80 (3.70x10-3 mmol, 1 equiv) in 6 mL
of o-DCB was then added and stirred at 110 ºC overnight.[32] The solvent from the reaction mixture
was removed under nitrogen and the crude product was purified by silica gel column
chromatography using initially CS2 as eluent to separate the unreacted pristine fullerene, followed
by toluene to collect compound D1, and finally Tol:EtOAc 1:1 to collect multi-adducts.

Scheme 10.2

Tether controlled bis-diazo cycloaddition reaction using the cluster endohedral
fullerenes M3N@Ih-C80 (M = Sc and Lu).

Figure 10.11 MALDI-TOF spectrum of compound D1 using THA as matrix.
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Bis-diazo addend was prepared in-situ by dissolving 1,3-dibenzoylpropane-bis-ptoluenesulfonyl hydrazone (54.3 mg, 0.092 mmol, 25 equiv) in 0.6 mL of anhydrous pyridine
under a N2 atmosphere. NaOMe (12.0 mg, 0.221 mmol, 60 equiv) was added, and the mixture was
stirred during 20 min. A solution of 5.53 mg of Lu3N@Ih-C80 (3.69x10-3 mmol, 1 equiv) in 6 mL
of o-DCB was then added and stirred at 110 ºC during 2 days. The solvent from the reaction
mixture was removed under nitrogen and the crude product was purified by silica gel column
chromatography using initially CS2:Hexanes 1:1 as eluent to separate the unreacted pristine
fullerene and compound C2, followed by toluene to collect compound D2, and finally Tol:EtOAc
1:1 to collect multi-adducts.
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); Compound C2: δ 8.09 (dd, 2HAr, J = 6.86,

38.38 Hz), 7.51 (m, 4HAr), 7.30 (d, 1HAr, J = 7.59 Hz), 7.25 (m, 3HAr), 7.17 (m, 1HAr), 6.42 (d,
1H, J = 15.85, CH2-CH=CH-Ph), 6.26 (m, 1H, CH2-CH=CH-Ph), 2.95 (m, 1H, Ph-CH2-CH2), 2.60
(m, 2H, Ph-CH2-CH2), 1.69 (m, 1H, Ph-CH2-CH2) ppm.

Figure 10.12 MALDI-TOF spectrum of compound C2 using TPB as matrix. The deviations from
the calculated isotopicº distribution is due to pronation of the sample.
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Figure 10.13 MALDI-TOF spectrum of compound D2 using THA as matrix.
10.5.3 Synthesis of Tether Controlled Bis-Bingel Cyclopropanation Reaction Using
Sc3N@Ih-C80
To a solution of 1.98 mg of Sc3N@Ih-C80 (1.79x10-3 mmol, 1 equiv), PDM (1.6 mg,
7.15x10-3 mmol, 4 equiv) and tetrabromomethane (5.9 mg, 0.018 mmol, 10 equiv) in 4 mL of oDCB, was added DBU (3 drops, 17.4 mg, 0.114 mmol) under a N2 atmosphere and stirred at room
temperature for 24 h.[242] The solvent from the reaction mixture was removed under nitrogen and
the crude product was purified by silica gel column chromatography using initially CS2 to collect
the unreacted fullerene, followed by CHCl3 to collect compound E.

Scheme 10.3

Tether controlled bis-diazo cycloaddition reaction using the cluster endohedral
fullerenes M3N@Ih-C80 (M = Sc and Lu).
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Figure 10.14 MALDI-TOF spectrum of compound E using THA as matrix.

Figure 10.15 HPLC profile of the crude of the 1,3-dipolar cycloaddition reaction of Nethylglycine and formaldehyde with Sc3N@Ih-C80. Conditions: 5PBB column (4.6
ID x 250 mm); toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
10.5.4 Characterization of Sc3N@Ih-C80 Bis-adduct 1
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 1: δ 4.30 (d, 2H, J = 9.43 Hz),

4.14 (d, 2H, J = 9.34 Hz), 4.03 (d, 2H, J = 9.11 Hz), 3.89 (d, 2H, J = 8.96 Hz), 3.43 (d, 2H, J =
9.41 Hz), 2.96 (d, 2H, J = 8.97 Hz), 2.89 (d, 2H, J = 9.41 Hz), 2.66 (d, 2H, J = 9.07 Hz), 2.90 –
2.85 (m, 4H, N-CH2-CH3), 1.46 (t, 3H, N-CH2-CH3), 1.38 (t, 3H, N-CH2-CH3) ppm.
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Figure 10.16 MALDI-TOF spectrum of Bis-adduct 1 using 1,8,9-trihydroxyanthracene (THA) as
matrix.

Figure 10.17 UV/vis spectrum of Bis-adduct 1 in CS2.
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Figure 10.18 COSY NMR spectrum (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 1. *Residual
Solvent, grease

Figure 10.19 Cyclic voltammogram of Bis-adduct 1 (o-DCB containing 0.05 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).
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10.5.5 Characterization of Sc3N@Ih-C80 Bis-adduct 2
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 2: δ 4.03 (d, 2H, J = 9.46 Hz),

3.90 (d, 2H, J = 9.53 Hz), 3.01 (d, 2H, J = 9.43 Hz), 2.93 (d, 2H, J = 9.34 Hz), 2.80 (dd, 4H, NCH2-CH3), 1.32 (t, 6H, N-CH2-CH3) ppm.

Figure 10.20 MALDI-TOF spectrum of Bis-adduct 2 using THA as matrix.

Figure 10.21 UV/vis spectrum of Bis-adduct 2 in CS2.
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Figure 10.22 COSY NMR spectrum (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 2.

Figure 10.23 Cyclic voltammogram of Bis-adduct 2 (o-DCB containing 0.05 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).
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10.5.6 Characterization of Sc3N@Ih-C80 Bis-adduct 3
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 3: δ 4.06 (d, 2H, J = 9.32 Hz),

3.88 (d, 2H, J = 9.48 Hz), 3.08 (d, 2H, J = 9.26 Hz), 2.94 (d, 2H, J = 9.48 Hz), 2.83 (m, 2H, NCH2-CH3), 2.73 (m, 2H, N-CH2-CH3), 1.31 (t, 6H, N-CH2-CH3) ppm.

Figure 10.24 MALDI-TOF spectrum of Bis-adduct 3 using THA as matrix.

Figure 10.25 UV/vis spectrum of Bis-adduct 3 in CS2.
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Figure 10.26 COSY NMR spectrum (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 3, *grease

Figure 10.27 Cyclic voltammogram of Bis-adduct 3 (o-DCB containing 0.05 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).
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Figure 10.28 HPLC profile of the crude of the 1,3-dipolar cycloaddition reaction of Nethylglycine and formaldehyde with Lu3N@Ih-C80. Conditions: 5PBB column (4.6
ID x 250 mm); toluene (1.2 mL min-1) at room temperature; λ = 320 nm.
10.5.7 Characterization of Lu3N@Ih-C80 Bis-adduct 4
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 4: δ 4.17 (d, 2H, J = 8.54 Hz),

3.52 (d, 2H, J = 9.00 Hz), 3.01 (d, 2H, J = 9.00 Hz), 2.89 (d, 2H, J = 9.08 Hz), 2.83 (m, 2H, NCH2-CH3), 2.75 (m, 2H, N-CH2-CH3), 1.49 (t, 6H, N-CH2-CH3) ppm.

Figure 10.29 MALDI-TOF spectrum of Bis-adduct 4 THA as matrix.
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Figure 10.30 UV/vis spectrum of Bis-adduct 4 in CS2.

Figure 10.31 COSY NMR spectrum (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 4. *Residual
Solvent, grease
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Figure 10.32 Cyclic voltammogram of Bis-adduct 4 (o-DCB containing 0.05 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).
10.5.8 Characterization of Lu3N@Ih-C80 Bis-adduct 5
1

H NMR (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 5: δ 4.74 (s, 2H), 4.49 (d, 2H, J =

8.71 Hz), 4.46 (s, 2H), 3.25 (dd, 2H, N-CH2-CH3), 3.15 (d, 2H, J = 8.57 Hz), 3.04 (dd, 2H, NCH2-CH3), 1.37 (t, 6H, CO-CH2-CH3) ppm.

Figure 10.33 MALDI-TOF spectrum of Bis-adduct 5 using THA as matrix.
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Figure 10.34 UV/vis spectrum of Bis-adduct 5 in CS2.

Figure 10.35 NOESY NMR spectrum (600 MHz; CS2:CDCl3 1:1, 298 K); Bis-adduct 5.
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Figure 10.36 Cyclic voltammogram of Bis-adduct 5 (o-DCB containing 0.05 M n-Bu4NPF6;
using the redox couple Fc/Fc+ as internal reference).
10.5.9 Computational details
All Density Functional Theory (DFT) calculations have been performed with the
Amsterdam Density Functional (ADF) program.[142,306] The molecular orbitals (MOs) were
expanded in an uncontracted set of Slater type orbitals (STOs) of double-ζ (DZP) and triple-ζ
(TZP) quality containing diffuse functions and one set of polarization functions. Core electrons
(1s for 2nd period, 1s2s2p for 3rd-4th period, 1s2s2p3s3p4s3d4p5s4d for 6th period) were not treated
explicitly during the geometry optimizations (frozen core approximation),[142,306] as it was shown
to have a negligible effect on the obtained geometries.[307] An auxiliary set of s, p, d, f, and g STOs
was used to fit the molecular density and to represent the Coulomb and exchange potentials
accurately for each SCF cycle. Energies and gradients were calculated using the local density
approximation (Slater exchange and VWN correlation)[308] with non-local corrections for
exchange (Becke88)[145] and correlation (Perdew86)[146] included self-consistently (i.e. the BP86
functional). Scalar relativistic corrections have been included self-consistently using the Zeroth
Order Regular Approximation (ZORA).[309] Moreover, energy dispersion corrections were
introduced using Grimme’s methodology[147,310] (D2) implemented in ADF 2010.01 version.[142,306]
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All the structures were fully optimized using these corrections in each optimization step. It was
shown that dispersion corrections are essential for a correct description of the thermodynamics and
kinetics of fullerene and nanotube reactions.[311,312]
All energies reported here have been obtained with the TZP basis in single-point energy
calculations at geometries that were obtained with the DZP basis (i.e. BP86/TZP//BP86/DZP).
Although it is well documented that standard DFT functionals like BP86 underestimate energy
barriers[313,314] (in the case of the parent Diels-Alder reaction BP86/TZP predicts a barrier of 18.6
kcal mol-1, i.e. an underestimation of the experimental value by some 6

kcal mol-1), this

underestimation should be similar for all 1,3-dipolar adducts and intermediates we encounter here.
The actual geometry optimizations were performed with the QUILD[302] (QUantumregions Interconnected by Local Descriptions) program, which functions as a wrapper around the
ADF program. The QUILD program constructs all input files for ADF, runs ADF, and collects all
data; ADF is used only for the generation of the energy and gradients. Furthermore, the QUILD
program uses improved geometry optimization techniques, such as adapted delocalized
coordinates[315] and specially constructed model Hessians with the appropriate number of
eigenvalues.[302] The toluene solvent effects were included through the use of COSMO,[316-318]
during all the optimization process. o-DCB is the solvent used during the reported experimental
Pyramidalization angles, introduced by Haddon[319,320] were computed using the POAV3
program.[321]
The computational chemical shifts were obtained at COSMO (Toluene)-KT2/ET-pVQZ
(and using TZP basis for Lu and Sc metal atoms instead of ET-pVQZ) level of theory using the
ZORA-BP86- D2/DZP optimized geometries.[117]
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Figure 10.37 Representation of the eight different TNT orientations considered, and the
differences in energy between the different conformational isomers for bonds 54-72,
46-47, and 29-11. All energies are expressed in kcal mol-1.
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Table 10.3 Relative stabilities of bis-adducts for the Ih-C80 empty cage (in kcal mol-1).
Type

Symmetry

Bond

ΔE

[5,6]-[5,6]

Chiral

29-11

0.0

[5,6]-[5,6]

Chiral

33-32

2.9

[5,6]-[5,6]

Unsymm

52-70

2.9

[5,6]-[5,6]

Unsymm

51-52

4.0

[5,6]-[5,6]

Symm

32-31

4.7

[5,6]-[5,6]

Chiral

51-50

4.9

[5,6]-[5,6]

Symm

69-50

5.1

[5,6]-[5,6]

Chiral

67-48

5.1

[5,6]-[5,6]

Chiral

46-66

5.6

[5,6]-[5,6]

Unsymm

55-54

6.1

[5,6]-[5,6]

Unsymm

72-54

6.5

[5,6]-[5,6]

Unsymm

29-28

7.7

[5,6]-[5,6]

Unsymm

14-33

7.8

[5,6]-[5,6]

Unsymm

25-24

7.9

[5,6]-[5,6]
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17.0
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Symm
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Symm

21-22
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39-38

22.4
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Figure 10.38 Optimized geometries for the most stable Sc3N@Ih-C80 bis-adducts: a) 29-11 chiral,
b) 46-47 symmetric, c) 54-72 unsymmetric. d) Schlegel diagram with the relative
stabilities of all computed bis-adducts, and e) plot of the relative stabilities of all
possible additions classified according to the symmetry of the final bis-adducts. All
energies are expressed in kcal mol-1.
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Figure 10.39 POAV pyramidalization angles computed on the a) Lu3N@Ih-C80, and b) Sc3N@IhC80 based [5,6]-monoadducts.
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Figure 10.40 Energy Decomposition Analysis (EDA) performed for the most stable bis-adducts
for Sc3N@Ih-C80 with eight different orientations of the TNT metal cluster: 29-11,
54-72, and 46-47. The relative orbital interaction terms are represented in blue,
deformation energies in red, and interaction terms in green. All energies are expressed
in kcal mol-1.
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Figure 10.41 Optimized geometries for the most stable Lu3N@Ih-C80 bis-adducts: a) 29-11
chiral, b) 78-65 symmetric. Schlegel diagram with the relative stabilities of all
computed: c) [5,6]-[5,6]-bis-adducts, d) [5,6]-[6,6], and e) [6,6]-[6,6]. f) Plot of the
relative stabilities of all possible additions classified according to the symmetry and
bond type of the final bis-adducts. All energies are expressed in kcal mol-1.
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Figure 10.42 Representation of the eight different TNT orientations considered, and the
differences in energy between the different conformational isomers for Lu3N@Ih-C80
bis-adducts on bonds 54-72, 46-47, and 29-11. All energies are expressed in kcal mol1
.
Table 10.4 Computed NMR chemical shifts (in ppm) for Sc and Lu-based 29-11 [5,6]-[5,6]monoadduct.
Metal
orientation
stability
A
B
C
D

Sc

0.6
4.5
4.0
3.6
3.5

Lu

0.4
4.4
4.0
3.5
3.5

0.1
4.6
4.2
3.7
3.7
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0.0
4.6
4.2
3.7
3.7

0.0
4.3
3.9
3.5
3.4

2.7
5.0
4.6
4.0
3.9

Figure 10.43 Energy Decomposition Analysis (EDA) performed for the most stable bis-adducts
for Lu3N@Ih-C80 with eight different orientations of the TNT metal cluster: 29-11,
and 65-78. The relative orbital interaction terms are represented in blue, deformation
energies in red, and interaction terms in green. All energies are expressed in kcal mol1
.
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Table 10.5 Computed deformation energies (in kcal mol-1) for Sc and Lu-based bis-adducts.
Relative

Distortion

29-11

41.2

3.0

0.0

0.0

78-65

38.2

0.0

6.7

18.9

54-72

41.0

2.8

9.0

6.5

46-47

43.7

5.4

8.9

9.4

32-33

42.6

4.4

11.3

2.9

13-31

44.5

6.3

7.0

31-32

44.8

6.6

11.3

4.7

13-14

45.2

7.0

11.5

7.9

Sc

Distortion

29-11

30.9

0.0

0.0

0.0

54-72

37.2

6.3

1.6

6.5

46-47

37.0

6.1

1.1

9.4

32-33

35.6

4.7

4.3

2.9

48-67

35.6

4.7

1.9

5.1

31-32

38.0

7.1

2.3

4.7

13-14

38.2

7.3

3.1

7.9

Distortion

Relative
Distortion
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Relative Lu

Relative

Lu

Relative Sc

Empty

Relative
Empty
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Glossary
Acronym

Definition

Buckyclutcher

3,3,3-tri-dinitrobenzoxyl-propyl

Buckyprep

Pyrenylpropyl

Buckyprep-M

Phenothiazinyl

COSY NMR

Correlation Spectroscopy Nuclear Magnetic Resonance

CV

Cyclic Voltammetry

DCTB

trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]malononitrile

DFT

Density Functional Theory

DPK

4,4'-diethyl malonate-benzophenone (Diphenyl Ketone)

DPM

Diphenylmethane

EF

Endohedral Fullerene

ECF

Empty Cage Fullerene

FT IR

Fourier Transform Infrared

HMQC NMR

Heteronuclear Multiple Quantum Coherence Nuclear Magnetic Resonance

HPLC

High Performance Liquid Chromatography

LD FT ICR

Laser Desorption Fourier Transform Ion Cyclotron Resonance

MALDI-TOF

Matrix Assisted Desorption Ionization-Time of Flight

NMR

Nuclear Magnetic Resonance

NOESY NMR

Nuclear Overhauser Effect Spectroscopy Nuclear Magnetic Resonance

o-DCB

Ortho-Dichlorobenzene

5PBB

Pentabromobenzyl

PCnBM

Phenyl Cn Butyric Acid Methyl Ester (n = 60, 70)

PDM

1,3-phenylenedimethyl-diethyl malonate

POAV

Pi-Orbital Axis Vector

PYE

Pyrenylethyl
231

SWV

Square Wave Voltammetry

THA

1,8,9-trihydroxyanthracene

TLC

Thin Layer Chromatography

TPB

1,1,4,4-tetraphenyl-1,3-butadiene

UV/vis

Ultra Violet/visible
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For Terms and Conditions See Appendix A
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For Terms and Conditions See Appendix A
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For Terms and Conditions See Appendix A
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